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Abstract  
III-Sb NWs and related heterostructures have many excellent properties, such as 
the largest electron and hole mobilities, the narrowest bandgap, large g-factor, strong 
spin-orbit interaction and possibility of forming different types of band alignment. As 
a consequence, III-Sb NWs are highly suitable for infrared photodetection, ultra-fast 
and low power optoelectronic devices and quantum physics applications, such as 
Majorana fermion pseudo-particles. Therefore, it is essential to gain understanding of 
III-Sb NW growth and push the development of III-Sb NWs for device applications. 
This thesis aims to understand the fundamental growth mechanisms of III-V NWs 
together with growth optimization of III-Sb NWs and related NW heterostructures for 
future optoelectronic applications. 
Growth of high-quality ternary GaAs1-xSbx NWs is comprehensively studied. Sb 
content is distributed uniformly along the NWs (even in tapered NWs) and can be 
tuned between 0.09~0.61 by changing the AsH3 flow. In contrast, the morphology and 
crystal structure of the NWs are sensitive to TMSb flow, resulting in nearly taper-free 
but kinked NWs under high TMSb flow. A reduction in surface energy of the 
liquid-vapour interface under high TMSb flow can dislodge the Au seed from the 
growth front to wet the NW sidewall. Using obtained high quality GaAs1-xSbx NWs, 
near infrared single NW photodetectors are fabricated and characterized. 
GaAs1-xSbx/InP core/shell NWs show a triangular shape with unexpected A-polar 
{112} side facets instead of {112}B facets usually found in other III-V NWs. The 
occurrence of A-polar {112} facet is a result of the surfactant role of Sb, which 
strongly reduces the surface energy and driving force for InP shell to grow along the 
<112>A direction. The core/shell NWs show strong photoemission intensity between 
1.3 to 1.5 micron, high internal quantum efficiency (up to 56%) and long photo 
excited carrier lifetime (~800 ps) thanks to the efficient passivation effect of the InP 
shell. 
Abstract 
VII 
The surfactant effect of Sb can be exploited to control the polarity of GaAs NWs. 
By preloading the Au seeds with either Sb or Ga to change its surface energy balance, 
perfect vertical yield of <111>A-polar GaAs NWs is demonstrated for the first time. 
Larger (111)A interface energy leads to higher Au wetting angle. This causes the Au 
droplet move to the side facets via an interface energy minimization process, leading 
to NW kinking. Moreover, large wetting angle thermodynamically favours centre 
nucleation, which is energetically unfavourable for the formation of twin defects. 
Furthermore, (111)A polar GaAs1-xSbx NW array is obtained with high crystal quality. 
GaAs1-xSbx QW shell is grown on the GaAs core NWs. Surprising, twins are 
found in these QW NWs, which is ascribed to the lattice mismatched induced strain. It 
is noticed that lattice mismatched shell can result in twin formation in the core. The 
optimized GaAs1-xSbx QW NWs show efficient PL emission. Strong periodic 
emission is observed even at room temperature thanks to the Fabry-Perot cavity mode 
of the NWs. These high optical quality GaAs1-xSbx QW NWs are potential candidates 
for NW lasing applications. 
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Chapter 1: Introduction and background 
 1.1 Significance of III-V semiconductor nanowires  
Nanowires (NWs) are known as one-dimensional materials with their diameter 
usually smaller than 100 nm and length over 1 μm. In 1964, Wagner and Ellis for the 
first time successfully grew Si whiskers using Au seeds [1]. The unique geometry 
offers NWs plenty of advantages over conventional planar structures. First, the large 
surface-to-volume ratio of NWs enhances the adsorption of light [2], making it 
extremely useful in nano-sensing applications. Moreover, NW geometry can 
potentially inhibit strain induced structural defects from propagating into the nanowire, 
limiting them only at the substrate/nanowire interface region [3]. The critical 
requirement for very similar lattice parameters between the substrate and the epitaxial 
layer during conventional 2D growth is therefore not a necessity anymore in NW 
growth [4]. This advantage offers more freedom for possible material combinations 
during axial NW heterojunction formation [3], including direct integration of III-V 
NWs on Si [5].  
Compared with other families of compound semiconductors, III-Vs benefit from 
several advantageous properties. They possess direct band gaps covering an emission 
wavelength range, from the ultraviolet (GaN, 364 nm) to the mid-wavelength infrared 
(InSb, 7.3 μm). High electron and hole mobilities of III-V semiconductors make them 
a desirable material system for ultrafast and high speed (opto)electronic devices. For 
instance, InAs and InSb have electron mobility as high as ~30000 and ~76000 cm2/Vs, 
respectively [6]. Combining the superior quality of III-V semiconductors and the 
small footprint nature of NWs, they are thus considered as promising building blocks 
for future small, low power and fast optoelectronic and electronic devices.  
The applications of III-V NWs have been demonstrated in the electronic, photonic, 
optoelectronic and quantum physics research fields. By transferring III-V NWs on 
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SiO2/Si substrate and contacting them with metal electrodes, NW field effect 
transistors (FETs) have been extensively reported [7-12]. InAs NW FETs are 
extremely attractive thanks to the high electron mobility of the material [10, 12]. 
Furthermore, tunnel FET using InAs NWs has been demonstrated [13]. In the field of 
photonics, the wave guiding property of NW and high refractive index compared with 
the surrounding environment are able to push NW lasing. Optically pumped lasing 
has been reported in GaAs/AlGaAs core/shell NWs, InP and GaSb single NWs 
[14-16]. The NW also serves as the optical cavity and generates Fabry–Pérot (F-P) 
resonances. Stimulated emission in single InGaAs QW tube NW was recently 
observed [17]. In multi-QW structure, tunable lasing in the visible wavelength regime 
is reported in GaN/InGaN system [18]. Quantum dot (QD) in NW is a specially 
designed structure for single photon emission and single photon entanglement 
applications [19, 20]. The 1-D morphology of NW makes it a natural choice for light 
extraction. For instance, light extraction efficiency exceeding 90% is successfully 
obtained from InAsP QDs in InP NWs [20]. In addition, In0.2Ga0.8As/GaAs QD NWs 
have recently been reported to lase at room temperature [21]. In the optoelectronic 
field of research, III-V NWs are potential candidates in photodetection and 
photovoltaics applications thanks to the enhanced light absorption of NWs as a result 
of the large surface area-to-volume ratio. Single NWs, NW ensembles and NW 
heterojunction photodetectors have been fabricated with detection wavelength range 
covering from UV to mid-infrared range [22-26]. In addition, NW applications in 
terahertz detection have been demonstrated in GaAs and InAs NWs [27-29]. GaAs 
and InP are highly suitable materials for solar cell applications. The efficiency of InP 
NW array solar cells reaches as high as 13.8 % [30]. Integrating GaAs or InP NWs on 
Si substrate combines the enhanced light adsorption of III-V NWs and the more 
industry standard Si solar cells together. Thus these hybrid heterojunctions have the 
potential to further enhance efficiency and reduce costs. Indeed, single GaAs NW 
solar cells on p-Si with cell efficiency as high as 40% have been reported [31]. 
Similar to photovoltaics, NWs have been applied for water splitting applications using 
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materials such as InP, GaP and GaN [32-36]. Light emitting diode (LED) is another 
important application of III-V NWs, especially for GaN-based NW heterostructrures. 
NW LEDs have been demonstrated in the visible light range using InGaN/GaN 
multi-QW structure [37-39] and in the near infrared range using GaAs/AlGaAs [40] 
and GaAs/InGaAs core/shell NWs [41]. In the field of quantum physics, the signature 
of Majorana fermion is observed in InSb NWs [42]. In addition, induced supercurrent 
has been shown to be possible in InSb NWs which are crossed together, forming a 
four-terminal device [43]. 
1.2 Introduction of III-Sb semiconductors and motivation  
Among the III-V semiconductors, III-antimonides are best recognized by their 
large lattice constant and small bandgap. The antimonide semiconductor family 
consists of the following binary compounds GaSb, InSb and AlSb, and any 
combination of these binaries or with other binaries like GaAs and InP. GaSb, AlSb 
together with InAs have similar lattice constants (see Figure 1.1) and the antimonide 
family has therefore been named as the “6.1 Å family”. The small bandgap is the 
main feature of antimonide semiconductors, covering from near infrared (GaSb, 0.726 
eV, corresponding to 1.7 μm) to long wave infrared (InSb, 0.17 eV, corresponding to 
7.3 μm). By forming ternary compounds, the bandgap can be further reduced to detect 
the photon with wavelength as long as 12 μm in InAs1-xSbx thanks to the large bowing 
effect. III-V semiconductors usually have high electron mobility, especially for InSb 
which presents the smallest electron effective mass and the largest electron mobility, 
reaching as high as ~76000 cm2/V·s at room temperature. GaSb, unlike other III-V 
semiconductors, shows very high hole mobility (close to 1000 cm2/V·s only next to 
Ge in all the known bulk/3D semiconductors), making it extremely promising in 
forming p-channel FET on Si in order to lower the supply voltage [44]. In addition, by 
forming heterostructures with other III-V semiconductors, antimonide semiconductors 
are highly suitable in band alignment engineering, such as straddling type I band 
alignment in InAsSb/GaAs strained quantum dot system [45],  staggered type II 
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band alignment in lattice matched GaAs0.51Sb0.49/InP heterostructure [46] and broken 
type II in InAs/GaSb material system [47]. Type I band alignment is good in photon 
emission thus suitable for LEDs [48]. Staggered type II band alignment is efficient in 
separating holes and electrons while supressing dark current, thus is desirable for 
photodetector and solar cell applications. Antimonide-based electronic devices are 
considered as the next generation heterojunction bipolar transistors (HBTs) [49]. 
Indeed, GaAs0.51Sb0.49/InP double heterojunction bipolar transistor with record cut-off 
frequency as high as 700 GHz was reported in 2014 [46].  
The application of broken type II band alignment is mostly based on the 
GaSb/InAs heterostructure. The valence band of GaSb is around 150 mV higher than 
the conduction band of InAs. This type of bandgap alignment allows inter-band 
recombination, from conduction band in InAs to valence band in GaSb. This 
tunnelling property makes GaSb/InAs superlattice especially interesting in 
optoelectronic applications in the infrared region and condensed physics study. 
GaSb/InAs superlattice based infrared photodetector is able to achieve high quantum 
efficiency in the long wave infrared region (8~12 μm) thanks to the broken type II 
band alignment where energy level of conduction band of InAs is even lower than the 
valance band of GaSb [47], and is considered as a good alternative to HgCdTe 
infrared detectors that are used mostly in space and military applications [50]. 
GaSb/InAs heterostructure based LED, quantum cascade laser in the infrared region 
are demonstrated [51]. The application in the terahertz applications has been 
theoretically studied [52]. Importantly InAs/GaSb heterostructure has also been 
recently confirmed to support a topological insulator phase [53]. Investigations have 
demonstrated the observation of quantum spin hole states in InAs/GaSb, which is 
quite suitable for spintronic studies [54]. 
Apart from the small bandgap and different types of heterojunction, Sb itself is 
known as a surfactant, presenting a low surface energy of 0.358 J/m2 [55]. During 
semiconductor epitaxy, the adsorption and desorption of Sb strongly alters surface 
Chapter 1: Introduction and background 
5 
 
energy, surface reconstruction, surface diffusion length and precursor decomposition. 
These changes could cause either beneficial or adverse effects to the crystal growth. 
Several effects due to the presence of Sb surfactant have been reported, including 
changing the growth direction and morphology of InGaN crystals [56], supressing 
defect formation in InGaAs buffer layers [57], increasing the In content in InGaN 
layers [58] and promoting the two-dimensional nucleation layer for Si-Ge 
nanostructure growth [59]. Still, the exact surfactant role of Sb during crystal growth 
is not well understood, thus requiring deeper investigations. 
 
Figure 1.1: Energy bandgap versus lattice constant in III-V semiconductors. Image is 
taken from [60]. 
1.3 Sb-related III-V semiconductor NWs and heterostructures 
1.3.1 Sb-related NW growth 
The development of antimonide related III-V NWs has been slower than for III-As 
and III-P NWs, which could be due to the more challenging growth of the former. In 
2001, GaSb NWs were first reported but did not trigger too much interests during that 
period [60]. With further understanding of NW growth mechanism and the maturity 
reached in controlled growth of GaAs and InP NWs, GaSb NWs gradually started 
attracting interests and have been synthesized by different technologies, including 
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chemical vapour deposition (CVD) [61-63], metalorganic vapour chemical deposition 
(MOCVD) [64-66], molecular beam epitaxy (MBE) [67] methods by vapour liquid 
solid growth mechanism and top-down etching [68]. In the course of these 
investigations, it has become clear that GaSb NW growth is only possible in a very 
small growth parameter window, which usually requires small V/III ratio and 
reasonable precursor flow to avoid uncontrolled crystal growth [69]. Until now, GaSb 
NWs with small diameter and “long length” remain challenging to grow. The smallest 
GaSb NW diameter grown by MOCVD is 32 nm and is dictated by the well-known 
Gibbs-Thomson effect [64]. This diameter limit can be overcome by other fabrication 
method, such as top-down approach where highly uniform and ultrathin (below 25 nm) 
GaSb pillars were recently reported [68]. In addition, growth of GaSb NWs often 
requires usage of NW stems (such as GaAs and InAs) since directly growing 
Au-assisted GaSb NWs on the substrate mostly leads to NW crawling on the surface 
of the substrate instead of growing vertically [70]. Large lattice mismatch is not 
detrimental to the growth of high quality GaSb NWs, since the induced dislocations 
are only pinned at the interface instead of penetrating into the GaSb NWs [3]. GaSb 
NWs and the stems underneath actually form an axial heterostructure. InAs/GaSb 
NWs, including axial and core/shell heterostructures have been reported [71, 72]. 
Furthermore, complex GaSb-InSb double axial NW heterostructures have been 
realized to combine these remarkable properties together, highest hole and electron 
mobility [73]. 
InSb NW, which is another important binary antimonide NW system, have been 
grown by MOCVD [74, 75], MBE [76] and CBE [77, 78]. Similar to GaSb NWs, 
Au-assisted InSb NWs usually require stems to initiate vertical growth, either using 
InAs, GaAs or InP [79]. With a slight variation of the local growth conditions, the 
morphology of InSb nanostructures can vary from nanocube to NWs [74]. During 
III-Sb NW growth, a high proportion of Ga or In is found in the Au seed, which 
increases the diameter of the NW and cause difficulties in forming sharp interface in 
NW heterostructures [73]. Self-nucleated GaSb and InSb NWs, which do not rely on 
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the use of foreign metal particles, have been successfully reported [80, 81]. It is worth 
mentioning that well-controlled defect-free InSb NWs which cross each other have 
been demonstrated using an intentionally kinked InP NW array stems, forming a NW 
network [82].  
In addition to the binary NWs, antimonide NW research has been extended 
towards ternary compounds in order to benefit from the additional freedom in 
bandgap and lattice constant engineering. Until now, published works have mostly 
focused on NWs containing two group V elements, such as GaAs1-xSbx and InAs1-xSb. 
GaAs1-xSbx NW growth study has been reported, including Au seeded GaAs1-xSbx NW 
segments via MBE [83] and self-nucleated GaAs1-xSbx NW array on silicon via 
MOVPE method [84]. However, no work is focused on controlling its composition, 
morphology and crystal structure. InAs1-xSbx NWs are attracting enormous interests as 
an alternative material for infrared photodetection. Until now, InAs1-xSbx NW growth 
has been shown using Au-nucleated, self-nucleated and catalyst-free growth methods 
on either InAs or Si substrates [85-89]. In particular, monolithic integration of 
InAs1-xSbx NWs on graphitic substrate with high quality and ultrahigh aspect ratio was 
demonstrated recently [89]. For the other III-V-Sb and Ga1-xInxSb NW systems, 
reports are quite limited and only concerning on the NW growth [90, 91]. 
During the growth of ternary NWs, non-uniformity is always an issue. The two 
anions compete with each other for incorporation into the NW, usually leading to 
morphology degradation and non-uniform composition distribution. For instance, Sb 
content in GaAs1-xSbx NWs is shown to vary both along [92, 93] and across the NW 
[94]. Furthermore, phase segregation can exist, even in self-seeded GaAs1-xSbx NW 
array [84]. Non-uniform composition distribution can be suppressed when Au or Ga 
seed is avoided. Recently, InAs1-xSbx NWs grown on InAs substrate by selective area 
growth method show a high level of morphology uniformity and sharp PL emission. 
Most ternary antimonide semiconductors present a miscibility gap, especially for 
GaP1-xSbx where the miscibility gap exists at the entire Sb composition range from 1% 
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to 99% [90]. However for NWs, the miscibility gap induced phase segregation is not 
observed. In InAs1-xSbx NWs, a full range of Sb content can be achieved [95]. These 
research results suggest that the occurrence of miscibility gap can be suppressed 
during NW formation [90]. 
1.3.2 Crystal structure and role of Sb surfactant  
Unlike the standard III-As and III-P semiconductor NWs where planar defects 
commonly exist in either the WZ and ZB phase, III-Sb NWs mostly show pure ZB 
structure. In GaSb NWs, only twin-free ZB structure is reported until now [64]. When 
GaSb shell is grown epitaxially around a WZ InAs core, a thin WZ GaSb shell can 
form [67]. Twin, 4H and even WZ structure are occasionally found in self-seeded and 
Ag-seeded InSb NWs [78, 81, 96]. Even in ternary III-Sb NWs, the crystal structure is 
mostly determined by the amount of Sb and adopts a ZB structure. Indeed, increasing 
the Sb content enables the tuning of the NW crystal structure from WZ to mixed 
phase and to twin-free ZB structure. For example, in self-nucleated GaAs1-xSbx NWs 
and Au seeded InAs1-xSbx NWs, only 32% and 8% Sb, respectively, is required to 
change the NW from WZ or mixed phase to defect-free ZB structure [84, 87]. This 
unique property of Sb in phase control is utilized to improve the crystal quality of 
InAs1-xSbx NWs [86] and enhance their electron mobility [97]. The role of Sb in 
purifying crystal phase also depends on other growth parameters and material system. 
In self-seeded InP1-xSbx NWs, even though they are present in ZB phase, a high 
density of stacking faults and twins exist [98]. Several aspects could contribute to 
achieve phase perfection with the use of Sb precursor. The first is lower ionicity in 
III-Sb semiconductors compared with other III-V semiconductors, which leads to a 
higher energy barrier for WZ nucleus formation and thus favours the formation of ZB 
structure [99]. Additionally, a reduction of supersaturation in the presence of Sb could 
contribute to the formation of ZB structure as well, as explained in Au-seeded 
GaAs1-xSbx NWs where the crystal phase evolves from WZ to ZB [100]. Surfactant 
role of Sb could be a third reason, since it strongly changes the interface energy, alter 
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the balance of surface energy as well as available atoms in the seed particles. As a 
result, only a small amount of Sb is enough to strongly alter the crystal phase. Unlike 
the broad exploration of Sb surfactant induced crystal growth change in bulk and 
quantum dot structures, this effect is less investigated in NWs. Until now, Sb 
surfactant has been only demonstrated to strongly reduce axial growth rate and 
increase lateral growth of self-nucleated InAs(Sb) NWs on Si [101]. The failure of 
growth of InAs(Sb) NWs is explained as a reduction of In-droplet wetting angle on 
the Si substrate in the presence of Sb surfactant. In Sb-doped Si NW growth, the 
addition of Sb prohibits Si atoms from entering the Au seed, thus strongly suppresses 
the NW growth [102]. Except for the above two reports, the understanding of Sb 
surfactant role in III-Sb NW growth is quite limited.  
1.3.3 Applications of antimonide NWs 
In conjunction with the development and growth of Sb-related NWs, applications 
of antimonide NWs are gradually demonstrated, mostly focusing on GaSb, InSb NWs 
and their heterojunction with InAs.  
The growth of GaSb NWs are usually unintentionally p-type doped due to the 
presence of a high density of native point defects, such as Ga antisites and vacancies 
[103]. This doping concentration can reach as high as 3.1×1018 cm-3 [61]. Together 
with the small footprint and extremely high hole mobility (~1000 cm2/V·s), GaSb 
NWs are considered as a natural material of choice for p-type FET applications and 
the channel for the III-V complementary metal-oxide semiconductor (CMOS) 
technology. A CMOS inverter based on n-type InAs/p-type GaSb axial NW 
heterostructure is reported with a full signal swing and gain of 10.5 [104]. However, 
the exploration of p-type GaSb NW FET is quite limited. The hole mobility of GaSb 
NWs fabricated by both MOCVD and CVD methods is below 30 cm2/V·s [11, 105], 
which is even much smaller than that of the carbon doped InSb NWs (140 cm2/V·s) 
[106]. This relative low hole mobility could be attributed to the high trap density and 
surface oxides. By growing a 2~3 nm thick InAs around the GaSb NWs, the hole 
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mobility is significantly improved from 42 to 200 cm2/V·s [107]. In recent years, the 
progress in p-type GaSb NW FET research is accelerating. The hole mobility of GaSb 
NWs passivated by sulfur has reached as high as ~400 cm2/V·s [61, 62]. Unlike FET 
applications, GaSb/InAs NW heterojunction tunnelling FET (TFET) is developing 
quite fast. TFET has the potential for lower power operation since the current can be 
turned on at a lower gate voltage than the traditional FET where 60 mV/dec is the 
theoretical limit. The low effective mass of antimonide materials together with the 
broken type II band alignment of GaSb/InAs heterostructure are predicted to 
substantially enhance the on-current of the TFET. As a consequence, GaSb/InAs NW 
heterojunction, including both axial and lateral, has attracted enormous research 
interests. Different forms of tunnel device have been fabricated [72, 108-112]. Axial 
InAs/GaSb NW TFETs with on-current as high as 310 μA/μm have been reported 
[110]. Very recently, development has even progressed to the level where vertical NW 
TFETs were fabricated directly on Si substrates [108], making integrating III-V 
devices with the matured Si industry becoming a reality. 
In contrast to GaSb NWs, n-type InSb NW FETs, making use of its highest 
electron mobility, have also been demonstrated [9, 113-116]. Very recently, a 
reproducible InSb NW FET with world record high electron mobility of ~2.5×104 
cm2/V·s for NW FET at low temperature of 4.2K was fabricated [117]. However, this 
value is over ten times lower than those obtained in planar InSb quantum wells [118], 
indicating that there is space for further improvement of the electron mobility. In the 
InAs/InSb axial heterojunction NW FET, both unipolar and bipolar operations are 
achieved [115]. In addition to the high electron mobility, InSb NWs present other 
unique properties, such as strong response to the magnetic field with g-factor reaching 
nearly 70 [119], strong spin-orbit interaction and weak coupling to nuclear spins. 
Together with the 1-D nature of NWs, these superior properties make InSb NWs a 
desirable material for investigating novel quantum phenomena. For instance, in a 
breakthrough the observation of the signatures of Majorana fermions was 
demonstrated by using InSb NWs [42, 120]. Furthermore, InSb NWs forming crosses 
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are specially designed and fabricated, showing high electron mobility and 
superconductivity [43]. In addition, InSb and GaSb NWs show the potential in 
spintronic applications thanks to their longer coherence times and strong spin-orbit 
interaction of holes. Gate tunable hole quantum dots are observed in InSb NWs [121] 
and p-type single hole transistors have been fabricated using GaSb NWs to study the 
hole transport properties [122].  
Another major application field of the antimonide NWs is in photodetection. The 
narrow bandgap together with enhanced light absorption in NW make antimonide 
NWs good candidates for light detection from the near infrared to the long infrared 
range. GaSb NWs and their ternary NWs are used for near infrared photodetectors [24, 
93, 123]. Making use of Sb-induced hole density difference along the NW, single 
GaAs1-xSbx NW device shows rectifying effect due to the different Schottky barrier 
height at the NW-metal contact [93]. The photodetecting responsivity can be 
improved thanks to the rectifying behaviour. Using p-n junction GaSb-Ga1-xInxSb 
axial NWs, the detectors show a broad photon detection range from 0.8~2.1 μm [24]. 
In addition, the fabricated devices show excellent light response at the 
telecommunication wavelength (1.55 μm) with external quantum efficiency of 104 and 
responsivity of 103 A/W. For detecting light at even longer wavelength, InSb NWs 
should be used. The pioneering work in infrared detection using single InSb NW 
started in 2009 [124] and later extended to terahertz detection [125]. Alloying with As, 
the cutoff wavelength of the InAs1-xSbx detectors can be further pushed further to 5.7 
μm, which is the longest cut-off wavelength for any NW device [25]. One drawback 
of InSb NW-based detectors is the large background current. Inserting a thin large 
bandgap material between the heterojunction has been demonstrated to efficiently 
suppress the thermal noise [126]. Future NW detector in the long wave infrared region 
could be fabricated using antimonide NW-based heterostructures. Apart from the 
photodetection, InSb NWs can also be used for toxic gas detection. An example has 
been presented to detect toxic NO2 with concentration over 10 ppm thanks to the 
efficient charger transfer from the NW surface to NO2 [127].  
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In the field of thermoelectrics, antimonide is considered as a good material 
candidate thanks to its high thermal conductivity and efficient phonon scattering 
properties [128]. However, the application of anitmonide NWs in this field is not 
developed much. Theoretical calculations of the thermoelectric performance of the 
GaSb/InAs core shell NWs have been performed, showing potential application in 
thermovoltage applications [129, 130]. However, no experimental attempts have been 
reported yet. 
In summary, antimonide NWs show great potential in quantum physics study, fast 
and low power optoelectronic devices, infrared photodetectors as well as other novel 
devices. All these applications require high crystal quality NWs and NW 
heterojunctions. However, the growth of antimonide NW is much more challenging 
than that of standard III-As and III-P NWs. Understanding of the role of Sb during the 
NW growth is quite limited. As a consequence, further growth studies are needed to 
completely fulfil the potential of antimonide NWs. 
1.4 Thesis scope 
This thesis provides detailed investigations of Au-nucleated Sb-containing III-V 
semiconductor NW growth by MOCVD for optoelectronic applications, including 
GaSb, GaAs1-xSbx NWs and their related heterostructures. Basic concepts useful to 
understand NW growth are presented in Chapter 2. The description of experimental 
techniques and methods used during the research are detailed in Chapter 3. 
Growth optimization and understanding of GaSb and GaAs1-xSbx ternary NWs are 
presented in Chapter 4. A broad composition tunability of GaAs1-xSbx ternary NWs 
(x=0.09~0.61) with uniform composition distribution and twin-free ZB structure are 
obtained. The surfactant role of Sb in NW kinking is discussed. An application of the 
GaAs1-xSbx ternary NWs as photodetectors operating in the near infrared region is 
demonstrated. 
In Chapter 5, a novel GaAs1-xSbx/InP NW core/shell structure is reported. The 
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unexpected A-polar {112} side facets are explained as the effect of the surfactant role 
of Sb, which strongly reduces the surface energy and driving force for the InP shell 
growth along the <112>A directions. The defect-free core/shell NWs show highly 
efficient room temperature light emission from 1.3 to 1.5 µm, high internal quantum 
efficiency (up to 56%) and long photo excited carrier lifetime (~800 ps at 10 K).  
In Chapter 6, a thorough investigation of polarity in affecting GaAs NW growth is 
presented. By changing the Au seed wetting angle by preloading with Sb flow, GaAs 
NWs can be selectively grown either in the [111]A or [111]B polar directions. Larger 
surface energy of (111)A facets favours droplet movement to the inclined side facets 
via an interface energy minimization process, leading to the formation of inclined 
twins and NW kinking. Using this catalyst engineering, ‘boomerang’-like GaAs NWs 
entirely free of planar defects with both (111)A and (111)B polarities are obtained and 
highly uniform GaAs1-xSbx NW arrays on the GaAs (111)A substrate with superior 
crystal quality are achieved. 
In Chapter 7, the growth optimization and optical characterization of GaAs1-xSbx 
QW in GaAs NWs are studied. The quality of GaAs1-xSbx QW depends critically on 
the growth temperature and precursor flow. Strong PL emission with F-P resonant 
emission modes are observed in single QW at room temperature.  
Finally, Chapter 8 concludes with a summary of the results obtained in this thesis 
and suggests possible future research works. 
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Chapter 2: Basic concepts in nanowire growth 
2.1 Introduction 
Since critical review on III-V NW and NW devices have already been published 
in recent two years [1-3], the basic concepts of NW growth are only briefly explained 
in this chapter, including NW fabrication technology, growth methods, growth 
mechanism, choice of substrate, growth direction and polarity, crystal structure, 
ternary and heterostructure NWs. Recent NW research developments in each of these 
topics are reviewed.  
2.2 Techniques for nanowire synthesis 
2.2.1 Top-down etching 
NW synthesis can be divided into two approaches: top-down fabrication and 
bottom-up growth. Top-down fabrication procedure uses lithography and etching 
process to ‘carve’ bulk materials into shape of NWs. This highly matured top-down 
process is commonly used in the microelectronics industry and increasingly in 
integrated photonics with significant success. 
Compared with bottom up growth method, top-down approach owns several 
drawbacks which limit its application in III-V NWs. First the etching-induced damage 
requires complex post-process strategies such as passivation or annealing to mitigate 
the negative influence of defects on the NW properties. In addition, etching down a 
wafer removes the majority of the material, which is wasteful. Thirdly top-down 
process is limited in flexibility in producing different types of heterostructures, 
particularly axial heterostructures. 
2.2.2 Bottom-up growth 
Bottom-up growth, in contrast to the top-down process, involves chemical 
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reactions to build the nanostructure one bilayer at a time, up from a substrate. Thus, 
the properties of NWs and related heterostructures can be fully manipulated “in vivo”, 
offering a great freedom in tailoring the desirable NW building blocks for nanoscale 
device applications. Thanks to the above advantages, bottom-up method is broadly 
applied for NW and related heterostructure fabrication. 
Several techniques have been successfully used for NW growth, including CVD, 
MOVPE (also known as MOCVD), MBE and CBE. Standard CVD technique usually 
uses solid powder as source. NW growth is realized by evaporating the powder and 
then triggering the growth in a quartz tube furnace system. CVD is widely used for 
NW growth studies even though it shows some limitation in producing complex NW 
heterostructures. In contrast, MOCVD technique, where the precursor flows, 
temperature and pressure are precisely controlled and homogeneous, is able to 
produce uniform NWs and well-controlled heterostructures. In addition, MOCVD is 
by far the leading commercial technique for production of high-quality III-V and 
II-VI compound semiconductors at the industrial scale [4].  
In MBE, the growth chamber is maintained at extremely high vacuum (10-10~10-11 
torr) and the source materials are pure elements stored inside the reactor, which yields 
the highest purity achievable, but at the cost of practicality and maintenance time. 
Indeed such a system requires long opening/baking periods for any issue or source 
element replacement. Despite the cost of ownership, MBE is a critically important 
technique for understanding growth mechanism, since the complex metalorganic 
precursor decomposition reactions are avoided altogether making the growth 
conditions easier to model. Furthermore, mature in-situ monitoring techniques such as 
reflection high energy electron diffraction (RHEED) technique allows direct 
monitoring of the growth processes. 
CBE was first introduced in 1984 and is claimed to combine the advantages of 
both MOCVD and MBE [5]. During CBE experiment, NW growth is performed 
under high vacuum with metalorganic precursors. Large efficient cells and efficient 
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heat dissipation allows easier multi wafer-scale synthesis than MBE. Moreover, CBE 
can be easily implemented with in-situ diagnostic techniques than MOCVD, such as 
RHEED. However, the ultra-high vacuum conditions require more advanced pumping 
architecture than MOVPE and the usage of metalorganic precursors creates problems 
such as carbon incorporation. 
Considering the high purity required for III-V semiconductor NWs, these three 
techniques are highly complementary and are employed in different NW research 
groups.  
2.3 Types of bottom-up NW growth 
The bottom-up NW growth can be divided into three groups: metal-seeded, 
self-nucleated and selective area NW growth. 
2.3.1 Metal-seeded NW growth 
Metal-seeded NW growth requires the use of a foreign metal particle/seed. The 
seed property is mostly determined by the chemical and physical properties of the 
chosen metals. Thus, NW growth is less sensitive to changes in the growth conditions, 
allowing stable NW growth in a large growth window. Au has been extensively used 
for NW growth since its first demonstration in Si whisker growth in 1964 [6]. 
Currently, Au-nucleated III-V NWs have reached the highest maturity in terms of 
crystal growth control. Pure twin-free ZB, stacking fault-free WZ and twinning 
superlattice structures are obtained in GaAs [7, 8], InAs [9], InP [10-12] NWs. Apart 
from Au, different metal particles have been investigated with the purpose to further 
control growth, including but not limited to Ni, Cu, Ag, Pd, Pt, Mn, Sn and Fe [13, 
14]. On the other hand, the introduction of additional elements during semiconductor 
NW growth may cause contamination to the grown NWs [15].  
2.3.2 Self-nucleated and selective area growth 
In contrast, self-nucleated and selective area growth do not have these drawbacks 
Chapter 2: Basic concepts in nanowire growth 
23 
 
of using foreign metals. Group III elements (Al, Ga and In) can form liquid phase at 
low temperature, thus could be served as a seed particle to trigger NW growth. After 
NW growth, this droplet can be simply removed by a growth interrupt under group V 
precursors at the growth temperature. Since these seed particles are also constituents 
of the grown NWs, this method is called self-nucleated NW growth. Growth of In- 
and Ga-seeded III-V NWs was investigated later (around 2006) than Au-seeded III-V 
NWs [16-19]. Self-nucleated NW growth has offered more freedom in terms of NW 
growth control over Au-seeded NW growth. For instance, by controlling the size of 
Ga, the diameter of GaAs NW can be changed along the axis of NW [20]. In addition, 
without considering the reservoir effect of Au seed [21], atomically sharp 
heterostructures with group V alterations are less problematic for self-nucleated NWs 
[22]. In addition to the above methods using liquid droplet to assist NW growth, NWs 
can be grown even without droplet formation, which is denoted as selective area 
growth [23].  
Selective area growth of NWs makes use of the fastest growth rate of the 
(111)/(0001) planes and requires usage of mask (either SiOx or SiNx) on a suitable 
substrate and lithography technique to create opening on the masks [24]. The NWs 
grow selectively only in these holes of the mask. In this method, NW position and 
diameter can be precisely controlled. In addition, selective area-grown NWs have 
intrinsic advantages in making NW related devices thanks to the non-conductive mask 
and minimal to non-existent epilayer growth on the mask [25]. In the case of 
self-nucleated or metal-seeded technique, parasitic growth could occur in regions 
between the NWs. Moreover, since no seed particle is used, doping control is easier. 
Selective area and metal-seeded NW growth method can be combined together by 
putting the metal seeds in the lithography defined holes [26]. Thus the maturity of 
Au-seeded NW growth and the advantages of selective area growth techniques can be 
combined together. As a result, highly uniform Au-seeded NW array and even NW 
networks can be achieved [27]. 
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 2.4 NW growth mechanism 
Different theoretical models have been proposed to explain the growth features of 
NWs [28-31]. In all, these methods are based on two commonly accepted mechanisms: 
vapour-liquid-solid (VLS) and vapour-solid (VS).  
2.4.1 VLS and VS growth mechanism 
VLS mechanism was first introduced to explain Au-nucleated Si whiskers in 1964 
and was quickly accepted in subsequent NW research. VLS growth process is 
illustrated in Figure 2.1 using Au-seeded GaAs NWs. At high temperature, the Au 
particle forms a liquid phase and absorb Ga and As atoms from the vapour 
environment. The supersaturated Au alloy will then nucleate GaAs and trigger the 
NW growth. Moreover, growing NWs benefits from an important indirect source of 
group III adatoms via surface diffusion from the substrate and NW sidewalls. This 
diffusion-controlled growth mechanism leads to increased NW vertical growth rates 
with respect to conventional 2D planar growth, thanks to the increased effective 
collection area. In addition, the amount of adatoms collected by this approach depends 
on the diffusion length of adatoms, NW diameter and NW density, leading to NW 
growth difference, such as composition gradient in ternary NWs, decreased growth 
rate with NW diameter as well as density dependent NW growth. The Au seed 
particles used this thesis are randomly dispersed on the GaAs(111) substrates. Thus, 
the actual adatoms collection area for each Au particle/growing nanowire is slightly 
different for each of them. As a consequence, the resulting NW properties, such as 
morphology and structure, may differ from one NW to another. Extreme care has been 
made in all the studied samples and growth series to insure that the nanowire were 
representative of the ensemble, and a sufficient number of nanowires for each growth 
condition was analysed to obtain statistically relevant data. Since the whole NW 
growth process requires material transferring from vapour to liquid and then liquid to 
solid, it is named as vapour-liquid-solid (VLS) growth mechanism. 
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Figure 2.1: Schematic illustrating VLS and VS growth mechanisms. 
If growth occurs only strictly in the VLS mode, the NW is expected to be 
taper-free. In reality, most NWs show tapered morphology, which is ascribed to the 
simultaneous VS growth on the sidewall. During NW growth, in addition to direct 
absorption into the Au particle, adatoms on the NW sidewall and substrate can also 
directly nucleate on the NW sidewalls and substrate, causing lateral growth and 
parasitic growth on the substrate, respectively. This nucleation process only involves 
materials from the vapour and solid phases, thus is called the VS growth mechanism. 
Since NW base is exposed to the precursors for a longer time than its tip, lateral 
overgrowth induces a NW diameter variation from top to bottom. Consequently, NWs 
show a tapered morphology. 
2.4.2 Thermodynamics of NW nucleation 
Under VLS growth mechanism, the most important aspect in controlling NW 
growth is obviously related to the seed particle in contact with the growing NW and 
its environment. The choice of metal, alloy composition, shape, physical state, and 
even the spatial configuration all have a strong influence on the morphology, phase 
perfection or growth direction of the resulting NWs [14]. A complete bilayer 
formation during NW growth consists of two steps: first formation of nucleus and 
then nucleus expanding quickly to cover the whole area under the Au seed [32]. Both 
NW crystal structure and growth rate are determined by the nucleation processes. 
Based on the well accepted nucleation model proposed by F. Glas et al. [29], there 
exists two likely sites to trigger the nucleation process: the triple phase line (TPL) (see 
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Figure 2.2a) and the central region (centre nucleation mode, see Figure 2.2b), away 
from the TPL. The criterion that determines the preference of one site over the other 
can be simplified and determined by the sign of the following equation [29]: 
                     (2-1) 
where ΔG is the change of Gibbs energy due to TPL nucleation  or centre 
nucleation . ,  and  are surface energies of nucleus-vapour, 
nucleus-liquid and liquid-vapour interfaces, respectively. β is wetting angle of Au 
particle on the NW which is usually within a certain range of angles according to the 
Nebol’sin rule [33]. By comparing the nucleation facets in Figure 2.2a and c, the 
nucleus-vapour and nucleus-liquid interfaces are the same as solid-vapour ( ) 
and liquid-solid ( ) interfaces of the Au alloy on the sidewall of NW, provided 
that the costituents in the Au droplets are the same. Therefore,  in equation 
2-1 equals to SidewallLS
Sidewall
SV   . Under Young’s equilibrium condition, 
, where θ represents equilibrium wetting angle of the 
Au particle on the NW sidewall. Then, equation 2-1 can be expressed as follows:  
                          (2-2) 
  
Figure 2.2: Illustration of triple phase nucleation (a) and centre nucleation (b). (c) 
Wetting configuration of Au particle on the NW sidewall under Young’s equilibrium. 
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When equation 2-2 is negative, TPL nucleation is more energetically favourable, 
which is usually satisfied during the NW growth and is demonstrated using in-situ 
TEM experiment [32]. The preference of TPL nucleation is critically important in 
forming a WZ structure which is not a stable phase structure for most III-V 
semiconductors except for GaN [29]. On the other hand, centre nucleation is possible 
if equation 2-2 is positive. 
2.5 Substrate, growth direction and polarity of NWs 
Usually a substrate is needed for epitaxial growth of III-V NWs. Thanks to the 
advantages offered by NWs in terms of their ability to pseudomorphically relieve 
strain, the selected substrate does not need to be lattice-matched to the NWs. III-V 
substrates are a natural choice. Nowadays, a trend of growing III-V NWs on industry 
standard Si substrate is rising, since this process can combine the superior optical 
quality of III-V semiconductors into the mature Si industry and reduce costs [34]. 
Sometimes, even cheaper substrates such as glass have been used for GaAs NW 
growth [35]. There is also an idea of not using any substrates for further cost 
reduction, where “flying” GaAs NWs are reported [36].  
The orientation of III-V substrates is another important factor in determining the 
morphology and crystal structure of the NWs. [111] orientation is the common 
direction for III-V NWs. Growth efforts have been made to grow NWs along other 
crystallographic directions, e.g. [100], with the purpose of growth and crystal phase 
control. Catalyst engineering together with growth condition optimization are used to 
force NW to grow along the [100] direction so that NWs can be grown on more 
industry standard [100] orientated substrates [10, 37, 38]. In addition, [100] orientated 
NWs have the advantage of suppressing planar defect formation, leading to twin-free 
ZB InP NWs which has not been achieved easily when growing along the [111]B 
direction [37]. Indeed, the growth direction of InP NWs can be switched between [100] 
and [111] on demand by changing the In content in the Au droplet [37]. Instead of 
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growing vertically, position controllable and transfer-printable GaAs NWs elongating 
along the [110] direction on [100] substrates are reported [39]. Uncontrolled GaAs 
and InAs NWs along the [100] directions are also observed [40, 41]. Occasionally, 
III-V NWs are also found growing in [110] and [112] directions [42, 43]. 
In III-V semiconductors, the [111] direction can be subdivided into [111]A and 
[111]B due to the existence of polarity. Polarity is a fundamental physical property of 
compound semiconductors, which originates from the partially ionic character of their 
chemical bonds. Polarity can affect growth related aspects such as structural defect 
formation, impurity incorporation, as well as the optical/electronic properties of the 
NWs. Crystal polarity matters both when considering the growth axis and the radial 
directions. Changing the polarity along the growth axis in wurtzite (WZ) crystals with 
a high degree of bond ionicity such as ZnO and GaN was achieved experimentally [44, 
45]. This can suppress the occurrence of quantum-confined stark effect [46], which is 
critical for LED and lasing applications. In the case of non-nitride III-V NWs, the role 
of polarity during NW growth is still not well explored. 
The polarity difference between (111)A- and (111)B-polar NWs results from the 
stacking direction, as explained in Figure 2.3. Inclined/vertical NWs grow along 
[111]B/[111]A direction. In A-polar NWs, the (111)A plane is terminated by group 
III-elements (Ga atoms for instance) and the direction of the Ga-As dumbbell is from 
As to Ga. During the epitaxial process, the nucleation sequence of the bilayer is As 
followed by the Ga atomic layer. For inclined NWs, the nucleation sequence is 
reverse to that of A-polar NWs, starting from Ga layer and then the As layer. 
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Figure 2.3: Illustration of polarity difference of (111)A and (111)B polar NWs on a 
(111)A substrate. Vertical/inclined NW indicating (111)A/(111)B polar NWs. 
The [111]B polar direction is found to be the universal epitaxial orientation for 
Au-seeded III-V semiconductor NWs thanks to their lower surface energy [47]. If 
(111)A, (100) or (110) substrates are used, NWs are likely to grow inclined with 
respect to the substrate along the [111]B direction instead of growing vertically, as 
illustrated by the inclined NW in Figure 2.3. Only selective area grown InP NWs are 
found to naturally grow along the [111]A polar direction [11]. The polarity also 
matters when growing III-V NWs on Si substrates. Since the property of Si (111) 
surface is highly favourable to <111>B layer formation for III-V semiconductors [48], 
selective area growth of GaAs NWs on Si substrates is clearly possible, but remains 
extremely challenging for InP NWs [49].  
2.6 Crystal structure engineering in NWs 
WZ and ZB are two basic crystal structures in NWs. The lattice structure 
difference between WZ and ZB crystal is shown in Figure 2.4. The stacking sequence 
of ZB and WZ is ABCABC and ABAB, respectively. A, B and C are atom centre sites 
relative to a close packed layer. Each layer consists of bilayers of group III and V 
atom layers. WZ structure is not a stable phase structure in bulk III-V semiconductors 
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(except for GaN) but could form in NWs. The band structure of semiconductors is 
directly related to their crystal structure. Thus the different preference of crystal 
structure strongly affects the optical and electrical properties of NWs. For instance, 
WZ GaP NWs present superior optical quality at room temperature thanks to the 
direct bandgap while their ZB counterparts are poor in photon emission due to the 
indirect bandgap [50].  
 
Figure 2.4: Ball and stick model for the ZB and WZ structure. Two typical HRTEM 
images showing the lattice stacking sequences of ZB and WZ structures.  
Considering the importance of crystal structure and quality, there is great effort in 
crystal engineering to achieve desirable III-V NWs for optoelectronic applications 
[47]. Stacking faults, mixed crystal phases and twins are unwanted defects in III-V 
NWs occurring naturally under standard growth conditions. These defects act as 
scattering or non-radiative recombination centres, and are thus harmful to the optical 
and electrical performance of NW and NW based devices [51-54]. For instance, the 
electron mobility in InAs NW FETs is strongly dependent on the density of stacking 
faults in the NW [52, 55]. Until now, advances have been made in obtaining planar 
defect-free ZB and WZ structures in GaAs and InAs NWs [7, 9]. Crystal perfection 
for Au-seeded InP NWs along the [111]B direction remains a great challenge except 
for the InP NWs grown via selective area method where stacking faults free WZ 
structure is realized at high growth temperature [11]. In addition, ZB twin-free InP 
NWs are obtained by forcing NWs to grow along the [100] direction [37].  
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Another interesting structure is twinning superlattice (TSL). Regular twinning is 
able to modify electronic band structure and phonon scattering in NWs, which could 
be useful in bandgap engineering and thermoelectric applications [12, 56]. In TSL 
structure, both the diameter and the periodic length of the NW can be tailored during 
growth, offering freedom in property tuning. Until now, TSLs have been synthesized 
in GaAs [8], GaP [57] and InP [12] NWs by adding Zn dopant during growth. 
Changing growth conditions only can also lead to TSL formation in InAs NWs [9].  
2.7 Ternary nanowires 
In ternary NWs, where either two anions or cations are mixed together, both the 
bandgap and lattice constant become tunable. These flexibilities offer them 
advantages over binary III-V semiconductors, such as widely tunable bandgaps and 
associated bandgap engineering for a variety of optoelectronic applications [50, 58, 59]. 
Progress has been made in growth and tunability of ternary III-V NW alloys [60-66] but 
far from well controlled as binary NWs. Intermixing, phase segregation [67-69], atomic 
ordering [65] and miscibility gap phenomena, which is controlled by both nucleation 
kinetics and thermodynamics, complicate growth drastically. Critical challenges 
include axial [69, 70] and radial [68] composition non-uniformity observed in most 
reports [68-71].  
2.8 Nanowire heterostructure 
One advantage of NW is the ability of forming different types of heterostructures. 
After initiation of NW growth, there are two different surfaces which can be used to 
form heterostructures. The first type is the Au-NW interface which is the growth front. 
By changing the material to other semiconductor while still maintaining axial growth, 
an axial heterostructure can be formed, as shown in Figure 2.5. Axial heterostructure 
can bring different semiconductors together without considering the limitation of the 
lattice mismatch [72]. The lattice mismatch induced dislocations only exist at the 
interface [73], which does not affect the overall properties of NWs. Different types of 
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band alignments, which are challenging to form in layered structures, can be formed 
in axial NW heterostructures, such as in hybrid Si-GaAs axial NWs [74]. WZ/ZB 
axial heterojunction superlattice has been demonstrated in InAs NWs [75]. In the 
axial heterostructure, NW quantum dot is especially interesting in single photon 
emission. By making use of the wave guiding property of NW, the light-extraction 
efficiency has been reached as high as 97% in InP/InAsP NW quantum dot structures 
[76].  
 
Figure 2.5: Illustration of axial (a) and radial (b) NW heterostructure. 
The second surface is the NW sidewall, which contains the main surface area of 
the NW. Growth conditions can be changed to supress axial growth rate while 
increase lateral growth rate, thus forming lateral/radial heterostructure (also known as 
core/shell structure), as illustrated in Figure 2.5b. Since all the NW side facets are 
surrounded by the shell material, this configuration can provide an excellent 
passivation to the core, thus increasing the quantum efficiency. In GaAs NWs, high 
surface recombination velocity causes most of the carriers to recombine 
non-radiatively at the NW surface, leading to poor light emission at room temperature 
even for high quality GaAs NWs [77]. By epitaxially growing an AlGaAs shell with a 
larger band gap around the GaAs core, the surface states can be effectively passivated, 
showing strong PL emission efficiency and long non-radiative carrier life time [78]. 
NW quantum well is a special case of radial heterostructure, which is of interest, 
especially for InGaN QW for LED applications [79-81].  
In addition to the above applications, nanowire heterostructures, both axial and 
radial, are capable for band alignment engineering. For instance, broken gap 
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alignment in GaSb/InAs core/shell NWs has recently been attracting great interests in 
hope of their unique transport properties [82].  
2.9 Conclusions 
In this thesis, Au-seeded nanowires are grown using MOVPE technology. These 
basic concepts are used to achieve crystal perfection, control nanowire growth 
direction and further understand their growth mechanism for different types of NW 
heterostructures in GaAs and III-Sb nanowire systems.  
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Chapter 3: Experimental Techniques 
3.1 Nanowire growth  
3.1.1 Metal Organic Vapour Phase Epitaxy 
In this dissertation, all the nanowire (NW) samples were grown by Au-nucleated 
metal organic vapour phase epitaxy (MOVPE) which is also known as metal organic 
chemical vapour deposition (MOCVD) [1]. MOVPE is a highly-complex epitaxy 
method that is capable to produce ultra-high purity semiconductors and their 
heterostructures for optoelectronic applications. To date, nearly all III-V and II-VI 
semiconductors can be produced by MOVPE. Thanks to its flexibility, accurate 
control, large scale production and repeatability, MOVPE is used as a commercial 
technology for semiconductor epilayer growth.  
The nanowire growths are carried out in a horizontal AIXTRON 200/4 MOVPE 
reactor. Figure 3.1 presents a schematic of a MOVPE reactor. In this study, the 
precursor for Ga, In and Sb metalorganic precursors are trimethylgallium (TMGa), 
trimethylindium (TMIn) and trimethylantimony (TMSb), respectively. TMGa and 
TMSb are liquid while TMIn is solid at room temperature. All these metalorganic 
precursors are stored in bubblers, the temperature and pressure of which are kept 
constant but adjustable. Group V atoms are provided by hydride precursors: arsine 
(AsH3) and phosphine (PH3). AsH3 and PH3 are gases and stored in high pressure 
cylinders. During growth, metalorganic and hydride precursors are transported to the 
reactor in different lines to avoid possible pre-reaction.  
Ultra-high purity H2 is used as the carrier gas for the metalorganic precursors. The 
amount of metalorganic precursors delivered into the reactor is controlled by the flow 
rate of H2. Since both temperature and pressure are kept constant, the amount of 
precursor can be easily calculated from the H2 flow. The total gas flow and pressure of 
the reactor during growth is kept constant as 15 l/min and 100 mbar.  
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In the reactor, the semiconductor substrate is placed on the susceptor made of 
graphite-coated silicon carbide. The susceptor is rotated to produce uniform growth. 
Uniform growth temperature is maintained by adjusting the profile of infra-red lamps. 
The crystal growth involves pyrolysis of the precursors and followed by crystal 
nucleation. When the precursors reach the heated zone in the reactor, they decompose 
and adsorb on the substrate and nanowire sidewalls, in addition to being incorporated 
into the Au particles. During NW growth, adatoms on the substrate and NW sidewalls 
diffuse to the Au particles, playing an important role on nanowire growth rate. 
Incorporation of reactants into the NW can eventually determine the growth rate, and 
this is named as kinetic limitation. On the other hand, if the growth rate is determined 
by surface diffusion of adatoms, it is called mass-transport limitation. Both kinetic 
and diffusion limited NW growths have been observed. Generally, In related III-V 
NW growth or GaAs NW growth under large V/III ratio conditions is governed by 
mass transportation. In addition to growth rate, surface diffusion also plays a role on 
composition uniformity in ternary NWs. For instance, In has larger diffusion length 
than Ga, leading to composition gradient in InGa1-xAsx NWs. Temperature also plays 
a critical role for NW growth since the cracking efficiency for different precursors is 
different and depends on temperature. Thus the actual V/III ratio changes with growth 
temperature, complicating the effect of growth temperature on nanowire morphology 
and crystal structure. As a consequence, to investigate the effect of precursor flow rate 
on nanowire growth, the growth temperature is fixed. The whole reaction processes 
used in this thesis can be expressed as: 
 
 
 
 
 3 3 43a 3G CH AsH GaAs CH  
 3 3 43n 3I CH PH InP CH  
       3 3 3 1 43 3a 1 + Sb 3 1x xG CH x AsH x CH GaAs Sb x CH       
   3 3 2 63 3a +Sb 3G CH CH GaSb C H 
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The toxic un-reacted precursors and the by-products together with the precursors 
in the vent line are pumped to the exhaust line and adsorbed by a charcoal scrubber.  
 
Figure 3.1: Schematic illustration of a MOVPE reactor. 
3.1.2 Au particle preparation 
All the nanowires in this thesis are grown via the Au-nucleated vapour-liquid-solid 
(VLS) growth mechanism [2]. Two methods of Au deposition process are used: 
random Au colloid deposition and Au disc arrays prepared by electron beam 
lithography (EBL) method. 
Au deposition on the semiconductor substrate using Au colloids with diameters 
ranging from 10 to 250 nm is widely used in nanowire growth study [3]. First, the 
GaAs (111) substrate is immersed in 0.1% poly-L-lysine (PLL) solution for 1 min in 
order to functionalize the surface with positive charges. Then the substrate is rinsed 
with deionized (DI) water and dried by a N2 gun. After that, Au colloidal solution is 
dispersed on the substrate. The negatively charged Au colloids will be immobilized by 
the positively charged substrate surface and prevent them from agglomerating during 
   3 3 2 63 3n +Sb 3I CH CH InSb C H 
Chapter 3: Experimental Techniques 
40 
 
the heat up stage in the MOVPE reactor. The density of Au particles on the substrate 
depends on the deposition time and the density of Au particles in the colloidal solution. 
Smaller size Au colloidal solution has higher Au density thus shorter deposition time 
is applied. For 50 nm Au particle, around 40 s is used to give a density about 1 NW 
per 1 μm. After deposition, the treated substrate is rinsed using DI water and dried 
with a N2 gun. A drawback of this method is the random distribution of the Au 
particles on the substrate, causing some differences between the NWs.  
In comparison, EBL is an ideal method for producing Au disc arrays with highly 
controllable uniform diameter and density. Figure 3.2 illustrates the preparation 
process. First 30 nm thick SiO2 is deposited on a clean GaAs substrate by plasma 
enhanced chemical vapour deposition (PECVD). Then a high resolution positive 
electron beam sensitive resist ZEP520 is spin-coated on top of the SiO2 layer with 
thickness of ~100 nm (Figure 3.2a). Next, patterns with tunable diameter (30 to 100 
nm) and pitches (500 to 4000 nm) are written using EBL (Raith 150) operated at 10 
kV and then developed by ZEP developer for 30s (Figure 3.2b). After that, the pattern 
is transferred from ZEP to the SiO2 layer by buffered HF etching for 70 seconds 
(Figure 3.2c). Buffered HF is prepared by diluting the commercial HF with 
ammonium fluoride solution (1:45) to give a nominal 1% concentration of HF. 
Immediately, a 17-nm thick Au film is deposited on the prepared pattern by electron 
beam evaporation (Figure 3.2d). The sacrificial ZEP layer together with the Au film 
on top are removed by dipping into the ZEP remover (Dimethylacetamide) solution 
(Figure 3.2e). Followed by the lift-off process, the prepared Au disc array is cleaned 
by having O2 plasma shower for 2 min. An example of prepared Au array is shown in 
the SEM image of Figure 3.2f. Au film does not cover the whole opening because the 
size of Au is determined by the opening in the ZEP layer which shows smaller 
diameter than the burried SiO2 layer.  
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Figure 3.2: Preparation process of Au disc array with SiO2 mask by EBL method. (a) 
30 nm of SiO2 layer and ~100 nm of ZEP electron resist on top are coated on a clean 
GaAs substrate. (b) EBL patterning on the ZEP layer. (c) Pattern transfer from ZEP 
layer to SiO2 layer by buffered HF etching. (d) Deposition of Au film. (e) Lift-off 
process showing the Au pattern on the SiO2 openings. (f) SEM image showing an 
example of Au array. 
3.2 Morphology, luminescence and structure characterization by 
electron microscopy 
3.2.1 Electron interaction with solid 
Electron microscopy is a powerful technique in characterizing nanowires: 
including morphology, crystal structure, composition profile and even luminescence. 
In general, just like optical microscopy uses light to generate an image, electron 
microscopy uses electrons as a source to create an image of the sample. Since electron 
has much smaller wavelength than light, the resolution of microscopy can be 
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incredibly high, reaching 0.08 nm in aberration corrected transmission electron 
microscopy (TEM). When high energy electrons hit the sample, various kind of 
signals will be generated: including but not limited to secondary electrons (SE), 
backscattered electrons (BSE), Auger electrons, transmitted electrons if the sample is 
thin enough, characteristic X-rays as well as light, as shown in Figure 3.3 [4]. 
 
Figure 3.3: Electron interaction with materials 
 The generation of BSE and especially SE is quite sensitive to the surface of the 
sample, thus is usually utilized to study its morphology in scanning electron 
microscopy (SEM). Transmitted electrons, including elastically and inelastically 
scattered electrons, depend on the crystal structure and are thus used for structural 
analysis in TEM. The energy of characteristic X-rays only depends on the elements 
that make up the sample. By picking up the signal using an X-ray detector either in 
SEM or TEM, the constituents of the sample can be extracted. The emitted light 
reflects the luminescence ability of the semiconductor and is thus used as signal for 
cathodoluminesence (CL) analysis purpose. 
3.2.2 Scanning electron microscopy 
The basic function of scanning electron microscopy (SEM) is to provide 
morphological information about the samples, as illustrated in Figure 3.4. The process 
starts with scanning the focused electron beam onto the sample surface. Then both the 
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generated SE and BSE can be collected for imaging purpose. SE indicates electrons 
with lower energy (<50 eV) that are ejected from the weakly bound outer shell of the 
atoms. The generated SE deeper in the sample is easily adsorbed by the surrounding 
materials, thus only those created close to the sample surface can escape and be 
collected by the detector. This feature makes SE extremely sensitive to the surface of 
the sample. In comparison, BSE is generated by collision between electrons and the 
nucleus. Thus the intensity of BSE is higher for heavier atoms and could be utilized 
for composition imaging of the sample.  
 
Figure 3.4: Ray diagram of SEM 
In this dissertation, SEM (Zeiss ultra plus) with a field emission gun operated at 
2~5 kV is used and all the SEM images are generated using SE signal for nanowires 
morphology characterization purposes.  
3.2.3 Cathodoluminescence 
 Cathodoluminescence (CL) spectroscopy makes use of the emitted light thanks to 
the interaction between electrons and semiconductors. Compared with PL, CL 
spectroscopy has advantages in spatial resolution. It is able to provide non-destructive 
luminescence analysis over 2 μm deep and spatial resolution below 50 nm. In addition, 
the high energy of electrons allows CL to study wide band gap materials (Eg>3 eV). 
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Utilizing its advantage, CL spectroscopy is used to study the emission uniformity in 
GaAs1-xSbx quantum well nanowires in chapter 7. All the CL measurements are 
carried out in a FEI Verios 460 microscope. The emitted photons are collected using 
Gatan MonoCL4 system and detected using Peltier cooled CCD detector. 
3.2.4 Transmission electron microscopy 
Transmission electron microscopy (TEM) technology uses transmitted high 
energy electrons as a source to image the crystal structure of the thin sample. When 
penetrating a crystal, electrons will be diffracted by the crystal plane perpendicular to 
the beam and obey the Bragg diffraction law [4]. The diffracted electrons then form 
spots on the back focal plane as depicted by red dot in Figure 3.5a while the 
magnified image of the sample is formed on the image plane (blue arrow in Figure 
3.5b). By changing the strength of the intermediate lens, either diffraction pattern (DP) 
or the magnified TEM image can be seen on the phosphorus screen. 
Diffraction pattern records a wealth of information about the crystal. For instance, 
the DPs of wurtzite (WZ) and zinc blende (ZB) structures are different. By comparing 
the shape of the DP, the crystal structure of the NWs can be determined. Furthermore, 
if additional spots, satellite spots or streaking spots are observed in the DP at 
[1-10]/[11-20] zone axis, it indicates planar defects, such as twin or stacking faults in 
the NW. The distance between the diffraction spots can be used to measure the lattice 
constant of the crystal. In ternary GaAs1-xSbx semiconductors, the lattice constant 
changes with Sb composition. The composition of the nanowire can be determined 
from the distance of the diffraction spots. Moreover, strain or dislocations caused by 
the lattice mismatch in a heterostructure can be identified from the elongation or splits 
of the diffraction spots.  
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Figure 3.5: Ray diagrams of TEM in (a) diffraction mode; (b) imaging mode. 
Adapted from [4]. 
The imaging mode can be either bright field (BF) or dark field (DF) depending on 
the operation process. If an objective lens at back focal plane (see Figure 3.5b) is 
inserted to only select the direct beam, the direct beam used to generate the image also 
includes the electrons passing through the surrounding background, resulting in a 
bright background. Thus it is called the BF image. However, if only the diffracted 
spots are selected for imaging purpose, the resulting background is dark and thus the 
imaging process is called DF mode. One advantage of DF imaging is the sharp 
contrast of the planar defects, making it highly suitable for defect analysis. In this 
thesis, most TEM images are taken under BF operation mode except for a few cases 
where DF imaging mode is used for better contrast of the twin defects. 
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High resolution transmission electron microscopy (HRTEM) utilizes the phase 
contrast between the diffracted and direct beams to form an interference image. By 
carefully tilting the sample to selected zone axis ([1-10] zone axis of ZB nanowire for 
example), the phase contrast image is capable in imaging lattice sites of the crystal. 
The ability to reveal the crystal structure at lattice scale makes it an extremely 
powerful technology to study interface of grain boundary, planar defects, lattice 
constant, dislocations and strain in the heterostructure as well as identifying crystal 
phase. In addition, if the intrinsic imperfection of the electron lenses in TEM is 
corrected by a specifically designed set of auxiliary lenses, the resolution of the 
HRTEM image can be further improved to “see” single atom. This capability offers 
direct evidence of polarity in III-V semiconductors and shown in chapter 6.  
3.2.5 Scanning transmission electron microscopy 
Scanning transmission eletron microscopy (STEM) is an operation mode in some 
TEM instuments where additional scanning coils are equipped. In the STEM mode, 
the electron beam is focused into a narrow spot and raster scanned on the sample. The 
raster scanning of the beam allows analytical techinques such as energy dispersive 
X-ray (EDX) mapping, electron energy loss spectrum (EELS) and high angular dark 
field imaging (HAADF), as illustrated in Figure 3.6. All these signals can be 
measured simutaneously, providing direct correlation between quantatitive data and 
imaging.  
Another detection mode used in this thesis is HAADF imaging which utilizes the 
electrons forward scatter to high angles for imaging (see Figure 3.6). The scattered 
electrons are highly sensitive to the atomic number (Z) in the sample (~Z2). Thus the 
image contrast is from atomic weight difference instead of phase contrast as in TEM 
mode, allowing us to distinguish the core/shell nanowire structure when there is a 
difference in atomic weight between the different layers. 
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Figure 3.6: Probe configurations in a STEM. 
In the STEM mode, EDX spectrum can be performed at high resolution: including 
point analysis, line scanning and even 2-D mapping. Therefore, it is extremely useful 
in the determination of composition profile in ternary semiconductors. 
In this thesis, TEM and HRTEM analyses are carried out in a JEOL 2100F 
operated at 200 kV at the Australian National University. Diffraction mode is used for 
sample alignment and for determining the crystal structure and growth direction of the 
nanowires. DPs are taken at camera length of 100 cm. STEM mode is available in the 
JEOL 2100F and utilized for EDX composition analysis and cross sectional core/shell 
structure. Atomic resolution HRTEM images are taken using an aberration corrected 
JEOL JEM-ARF200F instrument operated at 200 kV at the University of Wollongong 
in order to determine the polarity of the nanowires.   
3.2.6 Energy dispersive X-ray spectroscopy  
SEM can be equipped with an EDX detector for composition analysis. However, 
the resolution of EDX detection is much lower than those equipped in TEM 
instrument, thus composition analysis is performed by an EDX detector in STEM 
mode. 
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As indicated in section 3.3.1, X-ray is one of the generated signals when high 
energy electrons pass through the sample. The electrons from the inner shell of the 
atoms could be excited by the high energy electron beam. Each of these excited 
electrons with higher energy in the outer shells can fall back to the inner shell to fill 
the vacancies and emits a photon in the form of an X-ray. The energy of this 
characteristic X-ray depends on the electron configuration of atoms, and can therefore 
be used for element identification.  
In addition to qualitative analysis, the X-ray spectrum can also be used for 
quantitative compositional analysis. The intensity of the characteristic X-ray depends 
on the compositions of the sample and thus the intensity ratio is approximated as: 
                                          (3-1) 
where C and I are the composition and intensity of the X-rays of elements A (or B), 
respectively. kAB is a constant and regarded as the Cliff-Lorimer factor. Composition 
measured by equation 3-1 is the well-known as K-factor method [4]. During the 
composition determination in GaAs1-xSbx ternary nanowire (chapter 4), kAB is 
calibrated using a sample with known composition. Pure ZB GaAs and GaSb binary 
nanowires are used to calibrate the K-factor of kAsGa and kSbGa. The calculation is 
based on the EDX intensity of L-shell line from Ga, As and Sb atoms for consistency, 
as illustrated in Figure 3.7a. It is found that the K factor changes slightly with 
nanowire diameter, as shown in Figure 3.7b-c. The dependence of K-factor on 
nanowire diameter is fitted using a linear equation, as the solid lines show in Figure 
3.8b-c. The fitted K-factors at different diameters are used for determining the Sb 
composition in tapered GaAs1-xSbx ternary nanowires. In order to obtain reliable 
comparison between samples, careful adjustments are made to ensure the EDX 
acquisition conditions are all similar. i.e. same beam spot size (0.7 nm), same camera 
length and similar tilt angle.  
B
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Figure 3.7: (a) EDX spectrum of a GaAs nanowire. Calibrated KAs and KSb for 
nanowires with various diameters: (b) GaAs and (c) GaSb. KGa is chosen as a 
reference and fixed at 1. 
3.2.7 Sample preparation for TEM measurements 
For TEM measurements, the NWs are transferred by gently scratching the NWs 
on the substrate using a lacey carbon copper grid. To clearly reveal the detailed 
structure of core/shell NW, cross sectional TEM samples are prepared by the 
microtome method. The preparation process is illustrated in Figure 3.8.  
NWs are first embedded in a SPURR resin and then baked in an oven at 70 ºC and 
24 h to solidify the resin (steps i and ii). Then the substrate is removed by dipping into 
liquid nitrogen. Next the resin block is trimmed to small isosceles trapezoids for 
slicing (step iii). Finally the cross sectional lamella of the nanowires are carefully 
sliced into a thickness around 40 nm from the bottom to the top of NWs using a 
diamond knife (step iv). Finally the floated slices on the surface of water are picked 
up by a lacey copper grid for TEM imaging (v). 
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Figure 3.8: Cross sectional NW TEM sample preparation by microtome. Adapted 
from [5] 
3.3 Optical characterization 
The optical properties of semiconductors directly determine their potential for 
optoelectronic device applications. In this thesis, two methods are applied to 
characterize the optical properties of the nanowires: photoluminescence (PL) and 
transient Rayleigh scattering (TRS). Both PL and TRS are convenient, contact-free 
and non-destructive techniques to determine the band-gap, band alignment, quantum 
efficiency, and carrier life-time of semiconductors. All PL and TRS experiments are 
done on single nanowires. PL experiments are carried out at ANU and TRS 
measurements are done at University of Cincinnati.  
3.3.1 PL spectroscopy 
When a semiconductor is exposed to light with larger energy than its band-gap, 
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the electrons in the valence band can adsorb the incident photons and be excited to the 
conduction band. The excited electrons then thermalize quickly to the bottom of 
conduction band. After that, the electrons may recombine with holes in the valence 
band by emitting a photon with energy characteristic of the band-gap. During the 
micro-PL measurements, an optical microscope is used in order to focus the laser 
beam into a fine probe with diameter around 1 µm (see Figure 3.9), which strongly 
increases the spatial resolution and allows PL characterization on single NWs. 
 
Figure 3.9: Schematic of the micro-PL setup in ANU 
A schematic of the micro-PL setup is shown in Figure 3.9. The laser beam passes 
through the beam splitter and the objective lens focuses the laser beam on the 
nanowire. The emission from the nanowire is collected by the same objective lens and 
detected by a Si CCD or InGaAs detector, depending on the wavelength of the emitted 
photons.  
For time resolved experiment, the nanowires were excited by a pulsed laser with a 
wavelength of 522 nm, 300 fs pulse width and 20.8 MHz reputation rate, which is 
focused onto the sample through a 100× microscope objective lens (Nikon LU Plan, 
NA 0.9). The excitation power is kept as low as possible for carrier lifetime 
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measurement. The emission single photon is detected by a single photon avalanche 
photodiode and counted by a time-correlated single photon counting system. The 
system limited carrier lifetime is around 50 ps. 
Prior to measurements, the nanowires are first transferred to a sapphire substrate 
to avoid PL signal originated from bulk materials grown simultaneously with 
nanowires on the original substrates. Excitation is done using a continuous wave 
HeNe laser (633 nm) in a Horiba Jobin Yvon T64000 micro-Raman/PL system. An 
InGaAs linear detector is used to collect the spectrum from GaAs1-xSbx and related 
core/shell heterostructures. Both PL and time-resolved PL experiments were carried 
out at room temperature. 
3.3.2 Transient Rayleigh scattering spectroscopy 
Rayleigh scattering is an elastic scattering named after Lord Rayleigh, which is 
caused by the electric polarizability of the small particles, such as molecules [6]. The 
one dimensional nature of NWs makes them scatter light polarized to the NW axis 
much more efficiently than other nanoparticles. Rayleigh scattering then only depends 
on the dielectric constants and the diameter of the NWs, and has been demonstrated to 
be a powerful technique in investigating the band structure, carrier thermalization 
dynamics and carrier lifetime of single NWs [7].  
 
Figure 3.10: Schematic of the TRS spectroscopy set-up in UC, adapted from [7]. 
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The setup of TRS measurement is presented in Figure 3.10. A supercontinuum 
white light source pumped by 200 fs Ti:Sappire laser is used as the pump and probe 
beams. The pump laser is fixed at 540 nm with ~30 nm full-width at half-maximum. 
The probe beam wavelength is tunable from 900 to 1600 nm. The cylindrical 
geometry and dielectric contrast of NW-induced polarized Rayleigh scattering light 
allows one to distinguish the low intensity signal from NW from the large background. 
The polarization of the probe beam with respect to the axial axis of NW is modulated 
at around 100 kHz by a photoelastic modulator. The backscattered light is measured 
by two balanced silicon photodiodes. The lock-in amplifier is sensitive enough to 
discriminate polarized scattered photons ( ) from the non-polarized 
background scattering. The change of polarized Rayleigh scattering efficiency from 
the NW is defined as: 
                       (3-2) 
where  ( ) represents the back-reflected Rayleigh scattering of the NW with 
incident light polarized parallel (perpendicular) to the NW.  
For TRS measurement of GaAs1-xSbx and GaAs1-xSbx/InP core/shell NWs in 
chapter 5, NWs are transferred to a marked Si substrate to easily locate the position of 
NW.  is measured as a function of time after photoexcitation and as a 
function of incident probe energy for carrier lifetime and bandgap determination. 
Using a cryostat, TRS measurements can be performed at both 10 and 300 K. 
3.4 Summary 
In summary, all the experimental techniques for nanowire growth and 
characterization used in this thesis have been listed in this chapter. Au particles are 
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prepared by both Au colloids and EBL patterning processes. All the nanowire growth 
and optimization are performed by MOVPE method. SEM, TEM, STEM, EDX are 
used to study the morphology, structure, composition of the grown nanowires. Optical 
properties are characterized using μ-PL, time resolved PL, Rayleigh scattering and CL 
spectroscopy.  
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Chapter 4: Growth study of Sb-related III-V nanowires: 
from binary GaSb to ternary GaAs1-xSbx semiconductor 
nanowires 
4.1 Introduction 
GaAs1-xSbx semiconductors have a great potential for applications in high speed 
optoelectronics, telecommunications industry, near IR photodetectors, thermovoltaics 
and even fundamental studies of electron and hole transport when combined into 
heterostructures with other III-(As, P) materials [1-6]. In addition, it is an ideal 
candidate for advanced band structure engineering as it can form a variety of band 
alignments (type I or II) with InP. The InP/GaAs0.51Sb0.49 double heterostructure 
bipolar transistors (DHBT) have a world record cut-off frequency of 700 GHz [7]. 
However, due to the huge challenge in Sb-related NWs growth, only a few reports on 
GaAs1-xSbx NWs have been reported to date [8-11], with no work focusing on the 
control of its composition, morphology and crystal structure. Consequently, the reports 
on these nanowires in the near infrared region are limited with only one demonstration 
in photodetection making use of its gradient composition distribution along the NW 
[12].  
In this chapter, we show a comprehensive growth study of GaAs1-xSbx NWs and 
demonstrate their application as a photodetector in the near infrared wavelength range. 
The research starts with binary nanowire growth. Since GaAs NW growth is well 
studied and optimized in our group [13], their growth details are not discussed here; 
the reader is invited to refer to [13] for more information. In contrast, the growth of 
binary GaSb NWs is briefly studied as a prerequisite to the major goal of this chapter 
which is to understand ternary GaAs1-xSbx NW growth. We have studied the influence 
of parameters such as growth temperature and Sb precursor flowrate, as shown in the 
section 4.3. Note that GaSb NWs, in addition to their obvious interest as a binary 
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semiconductor with a very high hole mobility [14] can also serve as a reference for 
calibrating energy dispersive spectroscopy results of GaAs1-xSbx NWs, in order to 
obtain a more accurate extracted elemental composition values of the alloy. In section 
4.4, a comprehensive study of GaAs1-xSbx NWs is detailed to reveal the role of each 
growth parameter on the morphology, crystal structure and composition of NWs. A 
broad composition tunability of GaAs1-xSbx NWs (x=0.09~0.61) is achieved by 
changing AsH3 flow only. Moreover, composition distribution is found to be uniform, 
even in tapered nanowires, according to 3-dimensional energy dispersive X-ray 
analysis. In contrast, morphology and crystal structure of NWs are sensitive to TMSb 
flow, resulting in nearly taper free but kinked NWs at high TMSb flow. In section 4.5, 
the Sb surfactant role in affecting NW kinking is analysed. A reduction in surface 
energy of the liquid-vapour interface at high TMSb flow makes the Au seed easily to be 
dislodged from the growth front to wet the sidewall of nanowire. Inclined faults are 
then formed and considered as a “landmark” for NW kinking. In section 4.6, single NW 
photodetector in the telecommunication wavelength region is demonstrated at room 
temperature using high-quality GaAs0.56Sb0.44 NW with ZB twin-free structure. 
4.2 Growth results of GaSb binary NWs 
Growing of GaSb NWs directly on GaAs(111)B substrates is challenging due to 
the fact that when the Au seed particles wet the substrate, their small wetting angle is 
unfavourable for NW nucleation due to the balance of surface energies [15]. As a 
result, gold-seeded GaSb NWs are usually grown on NW stems, rather than directly 
on the substrate. Using in-situ ZB GaAs stems [16, 17] and InAs stems [18], GaSb 
NWs have been reported. According to those reports, GaSb NW growth is very 
sensitive to the growth conditions and the axial growth rate is quite low. First we 
choose in-situ WZ GaAs nanowire as stems for GaSb NW growth. These stacking 
fault free WZ GaAs NW stems are grown at 575 ºC for 30 min with V/III ratio of 1.25. 
Growth temperature affects adatom diffusion length, precursor decomposition 
efficiency and also the effective V/III ratio simultaneously, making the effect of this 
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parameter difficult to understand. Therefore, several attempts at different growth 
temperatures are tested with the purpose of choosing a proper growth temperature 
region for GaSb NWs. The decomposition efficiency of TMSb below 460 ºC is very 
low and GaSb NWs growth is always performed at low V/III ratio [18]. GaSb NWs 
are grown at 475, 500 and 525 ºC with V/III ratio of 1.25. The obtained results are 
shown in Figure 4.1. At either below or above 500 ºC, nearly all the GaSb NWs fail to 
grow vertically, only showing irregular crystal growth. At 500 ºC, a small proportion 
of GaSb NWs grow vertically and non-tapered, despite the large percentage of failed 
nanowire growth, indicating that a good temperature to investigate is 500 ºC.  
 
Figure 4.1: 45° Tilted SEM images of GaSb NWs on WZ GaAs stems at different 
growth temperatures: (a) 475 ºC, (b) 500 ºC and (c) 525 ºC. TMGa flow is 1.2×10-5 
mol/min and V/III is 1.25. Scale bars are 1 μm. 
The WZ GaAs stems in Figure 4.1 are grown in the same run with the GaSb NWs. 
This procedure is quite time consuming and is a waste of resources, since the stems 
have to be repeated in each growth run. In addition, it is found that a residual amount 
of Sb remains and contaminate the reactor after Sb-related NW growth. The following 
NW stem growth will be affected by these existed Sb from the previous growth and 
often leads to failure of NW growth [15]. As a result, for InAs/InSb NW growth, 
reactor bake-out is performed for after each run in order to guarantee reproducibility 
of each growth run [15]. Growing these stems in a separate run may solve all these 
problems.  
One advantage of using ex-situ stems is that different types of stems can be put 
into the reactor for NW growth in the same run, which provides the opportunity to 
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study the effect of stems on NW growth. In this work, we choose GaP, ZB GaAs and 
WZ GaAs NWs as stems, in which GaP and WZ GaAs stems are used for the first 
time for GaSb NW growth. The GaP stems are grown at 480 ºC and V/III ratio of 20. 
The precursor flow for TMGa is 1.157 x10-5 mol/min. Twin-free ZB GaAs NW stems 
are grown for 12 min using a two-temperature growth procedure [13]. The growth 
conditions for WZ GaAs NW stems are mentioned before. These NW stems are loaded 
together into the reactor and then the temperature is raised to 500 ºC and annealed for 5 
min before GaSb NW growth.  
Firstly, ex-situ twin-free ZB GaAs NW stems are used to test the effect of 
precursor flows on GaSb NWs growth. GaSb NWs obtained at different precursors 
flow are shown in Figure 4.2.  
 
Figure 4.2: Morphologies of GaSb NWs on ZB GaAs stems grown at different V/III 
ratios and precursor flows, showing the sensitive morphology dependence on the 
growth conditions. (a-c) increasing V/III ratio from 1.1 (a) to 1.25 (b) and to 1.5 (c) at 
low TMGa precursor flow (0.6×10-5 mol/min). (d) Higher precursors flow (0.9×10-5 
mol/min) at V/III ratio of 1.1. Growth temperature is 500 ºC and scale bars are 1 μm. 
A 100% yield of vertical GaSb NWs are achieved at V/III ratio of 1.1 and low 
TMGa precursor flow, as shown in Figure 4.2a. This successful growth of GaSb NWs 
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suggests that the usage of ex-situ stems does not affect the growth of GaSb NWs. 
Even though lateral growth is observed, the GaSb NWs still present a taper-free 
morphology. With a slight increase of V/III ratio, a noticeable proportion of GaSb 
NWs crawl back to the GaAs stems, as pointed out by the red arrow in Figure 4.2b. 
Further increase of V/III ratio leads to kinking and irregular growth of most GaSb 
NWs (see Figure 4.2c), implying that the growth of GaSb NWs is very sensitive to the 
V/III ratio [18]. Indeed, this sensitivity mostly relies on the TMSb flow rate. Either 
reducing TMGa flow or increasing the total precursor flow leads to crawling or NW 
kinking, as illustrated in Figure 4.2d.  
The effect of stems on GaSb NW growth is compared in Figure 4.3. Stems affect 
both the yield and morphologies of GaSb NWs apart from the standard growth 
conditions. It is easier for GaSb NWs to grow on GaP stems despite the largest lattice 
mismatch between GaSb and GaP, which suggests that the lattice mismatch is not a 
key issue for the success of axial NW growth. The formation of bulk GaSb crystal on 
the GaP stems pointed out by white arrow in Figure 4.3a is suspected to be 
overgrowth originating from the planar defects in the stem. Instead, NW kinking or 
non-uniform NW is observed for WZ or ZB GaAs stems. Though the exact role of 
stems on GaSb NWs growth is not absolutely clear at this stage, it is suggested that 
the nucleation of GaSb on the stems is determined by the relationship of the interface 
energies of the two materials and the Au seed: ,  and  [19]. 
 
Figure 4.3: Morphology of GaSb NWs on different stems: (a) GaP, (b) WZ GaAs and 
(c) ZB GaAs stems. All the GaSb NWs are grown in the same run at conditions: 
T=520 ºC, TMGa=0.9×10-5 mol/min, V/III=1.1. Scale bars are 1 μm. 
stem
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The axial growth rate of GaSb NWs is quite low compared with other standard 
III-(As, P) NWs [13]. It is well-known that Sb-related NWs have difficulties to grow 
as long and thin NWs [20-22]. In addition, it is found that the axial growth rate of 
GaSb NWs is non-linear with growth time, gradually reducing or eventually stop 
growing after certain growth time. This is an additional challenge to obtain long and 
thin NWs. Despite these difficulties, GaSb NWs with 4~5 μm long and minimum 
lateral growth (diameter slightly below 100 nm) are obtained after 3 hours of growth 
under optimized growth conditions, as shown in Figure 4.4a. A typical low 
magnification TEM image of the GaSb NWs along the [1-10] zone axis is shown in 
Figure 4.4b. No planar defects are observed, as expected. Indeed, GaSb NWs, despite 
its difficulties in growth, always show a twin-free ZB structure regardless of the 
growth conditions. Furthermore, Au patterns prepared by EBL method is used to 
achieve a uniform GaSb NW array, as presented in Figure 4.4c.  
 
Figure 4.4: High quality GaSb NWs. (a) demonstration of optimized morphology of 
GaSb NWs with twin free ZB crystal structure (b). (c) Successful growth of uniform 
GaSb NW array. The growth conditions for NWs in (a) and (c) are: T=520 °C, 
V/III=1.1, TMGa flow is 0.9*10-5mol/min; T=500 °C, V/III=1.5, TMGa flow is 
0.6*10-5mol/min, respectively. 
In summary, GaSb NWs growth conditions are optimized to gain a high yield of 
high quality NWs. GaSb NWs growth is quite sensitive to the precursor flow. Low 
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V/III ratio and low TMSb flow rate are required to avoid GaSb NW kinking or 
crawling back to the stems. NW stems are needed to grow GaSb NWs. GaP stems are 
more suitable than GaAs stems for GaSb NWs growth. For detailed GaAs1-xSbx NW 
growth analysis, the growth temperature is fixed at 500 ºC since both GaAs and GaSb 
binary NWs can grow at this temperature. The growth time for GaAs1-xSbx NWs 
grown at various conditions is fixed at 90 min for growth rate comparison. The effect 
of precursor flow rates on GaAs1-xSbx NW growth is discussed in the following 
section. 
4.3 Morphology, composition and crystal structure tuning of 
GaAs1-xSbx ternary NWs with growth conditions 
4.3.1 Composition non-uniformity of GaAs1-xSbx NWs grown on GaAs (111)B 
substrates 
Based on the above analysis, GaSb NW growth needs to be grown on stems while 
GaAs NWs can be grown directly on the substrate. Whether ternary GaAs1-xSbx NWs 
grown by MOVPE need a stem or not is unknown. However, it is suspected that 
adatom diffusion from the substrate could complicate the results, especially in ternary 
NWs, when directly growing on the substrate. Figure 4.5 shows an example of 
GaAs1-xSbx NWs grown on the substrate. With careful adjustment of growth 
conditions, GaAs1-xSbx NWs can grow successfully on the substrate which cannot be 
achieved for GaSb NWs.  
The GaAs1-xSbx NWs show a tapered morphology. The tapering evolves from the 
bottom towards the top of the NW. There is a much larger base which is due to 
increased nucleation from adatoms diffusing from the substrate towards the NWs. 
After having mechanically transferred these NWs to dedicated TEM copper grids, the 
bottom part of the NWs is missing (broken off during the transfer), as shown in the 
TEM image of Figure 4.5b. Considering the significant tapering, obtaining a complete 
Sb composition mapping of the NWs is quite important, since this morphology is 
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likely to result from simultaneous axial and radial growths under VLS and VS growth 
mechanisms, respectively. The different types of growth mechanisms commonly leads 
to non-uniform composition profile in ternary NWs [23, 24]. To build up a 
3-dimensional Sb distribution in the NWs, EDX composition analysis is performed on 
both the mechanically transferred NWs and cross sectional samples prepared by 
microtome. The EDX line scan results along a tapered NW are shown in Figure 4.5b. 
A significant fluctuation of the Sb content along the NW is observed. Sb composition 
is quite low at the bottom of the NW and increases rapidly to ~50% after ~400 nm, 
then Sb contents slightly drop at the top of the NW. EDX composition mapping 
results of the cross sectional samples reveal an As-rich core and Sb-rich shell, as 
illustrated in Figure 4.5c-e. Since Sb composition in the shell at different height of 
NW is measured to be similar, the observation of a fast increase of the Sb content 
along the NW is most likely explained by an increase of Sb content in the core (since 
VS growth occurs homogeneously over the whole NW). It is worth mentioning that 
the Sb composition profile differs from NW to NW. In other NWs, no clear Sb 
composition variation along the NW is observed and the Sb content in the core and 
shell is similar. The existence of non-uniform composition in these GaAs1-xSbx NWs 
eventually makes the understanding of growth in these NWs more difficult. In 
addition, the large composition variation of these NWs definitely limits the potential 
applications of these NWs, despite their high-quality crystal structure. 
If a GaAs NW stem is used, the influence of adatom diffusion on the substrate can 
be avoided, effectively decoupling the GaAsSb segment’s growth conditions from the 
effect of substrate. In particular, the thicker base as pointed out by the white arrow in 
Figure 4.5a would not form, which could also make understanding of the growth 
mechanism simpler. In addition, these NW stems provide a clean nanowire interface 
(GaAs/GaAs1-xSbx) allowing easier TEM studies of the GaAs1-xSbx nucleation stage 
post-growth. Therefore for the remainder of the chapter, GaAs NW stems are grown 
for 12 min, giving a length of about 1 μm, before the growth of GaAs1-xSbx segment is 
initiated. 
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Figure 4.5: Non-uniform composition profile in GaAs1-xSbx NWs grown directly on 
the substrate. (a) Tilted SEM images of the NWs. (b) EDX composition line scan 
along the NW together with TEM image along the [1-10] zone axis. (c-e) cross 
sectional EDX mapping showing the unintentionally formed core/shell structure: (c) 
As element map, (d) Sb element map and (e) overlay map of As and Sb elements. 
Scale bars are 2 μm in (a), 500 nm in (b) and 50 nm in (c-e). TMGa precursor flow for 
the NWs is 1.2×10-5 mol/min. AsH3/TMGa and TMSb/TMGa ratios are 0.5 and 0.75, 
respectively.  
4.3.2 Morphology, crystal structure and composition profile of the reference 
sample 
In order to ease comparison of morphology, dimensions, crystal structure and 
composition for the series of samples considered in the following, we have defined a 
specific set of growth conditions to yield a “reference sample”. Growth of GaAs1-xSbx 
segment is initiated by introducing TMSb and maintained for 90 min. The growth 
conditions for reference sample are: TMGa=1.2x10-5 mol/min (III0), AsH3/TMGa=0.75 
and TMSb/TMGa=0.75. Sb composition ratio in the NW and vapour is defined as 
Sb/(As+Sb) and TMSb/(AsH3+TMSb), respectively. For the reference sample, all the 
GaAs1-xSbx NWs are vertical and show a pure ZB phase without planar defects. For 
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clarity, the growth conditions for all the GaAs1-xSbx NWs samples studied in this 
chapter are summarized in Table 4.1. Sb concentration in the NW is measured using 
standard K-factor method. GaAs and GaSb semiconductor NWs are used to calibrate 
the K factor of Ga, As and Sb, as explained in detail in the section 3.2.6 in the chapter 3. 
Table 4.1 Summary of the growth conditions for the GaAs1-xSbx NWs discussed 
in this work. 
 Fixed condition  #1 #2 #3 #4 #5 #6 #7 #8 
AsH3/TMGa 
series. 
TMSb/TMGa=0.75 0.5 1.5 2.5      
TMSb/TMGa AsH3/TMGa=0.75    0.5 1 1.5   
Precursor flow, 
×III0 
AsH3/TMGa=1.5 
TMSb/TMGa=1.5 
      0.5 1 
A typical example of these reference nanowires are shown in Figure 4.6a. Note that 
the vertical yield is very close to 100%. Then NWs grown under other conditions are 
compared with the reference sample to reveal the trends and growth mechanisms. The 
morphology, crystal structure and 3-dimensional Sb content distribution of the 
reference NWs are shown in Figure 4.6. As shown in Figure 4.6a, the GaAs1-xSbx NWs 
are regular and linearly tapered while the bottom GaAs stems are rough, which makes 
the interface between GaAs1-xSbx and GaAs stem easily distinguishable. Thanks to the 
stems, the thick tapered base identified by the arrow in Figure 4.5a in nanowires grown 
directly on GaAs substrates does not appear since the adatom diffusion from the 
substrate is avoided. The GaAs stems show a high density of planar defects. After the 
growth of GaAs1-xSbx NWs, the GaAs stems are covered with significant GaAs1-xSbx 
radial overgrowth. All the GaAs1-xSbx NWs show a twin-free ZB structure, as 
confirmed by the TEM/HRTEM images and corresponding FFT in Figure 4.6b, which 
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is in agreement with the GaSb NWs in the above section and previous reports about 
Sb-related NWs [11, 15, 25, 26].  
An apparent advantage of GaAs1-xSbx NWs grown with a stem over those NWs 
grown directly on the substrate is the composition uniformity. The Sb composition is 
more uniform from NW to NW. In addition, The Sb concentration profile in the NW 
varies only slightly along the NW with a content of 0.46±0.02 despite significant 
tapering, as shown in Figure 4.6b. The significant composition non-uniformity in 
GaAs1-xSbx NWs grown directly on the substrate is largely suppressed. In comparison, 
GaAs1-xSbx NWs grown by MBE show a variable composition distribution along the 
NW growth axis [27]. Furthermore, the uniform composition distribution shows that 
composition gradient caused by diffusion length difference of the adatoms along the 
axial direction is not obvious in the GaAs1-xSbx NWs as compared to their In1-xGaxAs 
counterparts [28]. In Figure 4.6d, cross sectional EDX mapping reveals an 
unintentionally formed core/shell structure with its boundary indicated by the dashed 
lines. Both core and shell show a hexagonal shape with predominant {110} side facets, 
which has the same side facets as binary GaSb NWs. More precisely, the Sb content 
difference between the core and shell is around 0.06 with smaller Sb concentration in 
the shell. In comparison with Ga-seeded GaAs1-xSbx NWs [10], the sidewalls of our 
NWs are more regular (no obvious micro-faceting or inversed tapering). In addition, no 
atomic segregation at the core/shell interface is observed. For the unintentionally 
formed shell, six As-rich bands along the <112> directions are identified in Figure 4.6d 
(see arrows). Quantitatively, the As content in these bands is around 12% higher than 
those in the other places of the shell. Phase segregation is a common phenomenon 
during the growth of ternary shell and has been reported quite a few times [24, 29-31]. 
An explanation based on surface energy difference of different side facets and diffusion 
length of adatoms is proposed [30, 32]. Commonly, the chemical potential of {112} 
facets is larger than the {110} facets [30]. As and Sb adatoms then have potential to 
migrate from {112} to {110} facets. Based on the reported larger diffusion length of Sb 
adatoms than As adatoms [21, 33], more Sb can diffuse to the {110} facets, leading to a 
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Sb-poor region along the <112> direction. The composition difference between the 
core and shell, together with a tapered morphology indicate a slight decrease of Sb 
content from the tip to the base of NW, which is confirmed by the ~2% difference in 
Figure 4.6c. The above analysis indicates that the slight Sb variation along the NW 
comes from the Sb composition difference between the core and shell. In contrast, the 
Sb composition profile in the core is highly uniform along the NW. 
 
Figure 4.6: Morphology, crystal structure and compositional profile of a typical 
GaAs1-xSbx NW sample. (a) 45° tilted SEM images. (b) Bright field TEM image of a 
NW along [1-10] zone axis with HRTEM image and the corresponding FFT, showing a 
twin-free ZB structure. (c) EDX line scan along the NW shows the uniformity of atomic 
composition along the length of the NW. (d) EDX mapping of a cross section sample. 
Six As-rich bands along the {112} corners in the shell could be seen. Scale bars in (a) 
and (b) are 1 µm. 
Having given the main features of the morphology, crystal structure and 
composition profile for the reference sample, the effects of AsH3/TMGa ratio, 
TMSb/TMGa ratio and total precursor flows on the properties of GaAs1-xSbx NWs are 
detailed in the following sections. To quantify the morphology of the NWs, two 
quantitative parameters are used: axial growth rate and tapering ratio (TR). Axial 
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growth rate is defined as total length of the GaAs1-xSbx NW divided by the growth time, 
while the TR is defined as the diameter difference between the bottom and top of the 
NW divided by its length. To get a reliable evaluation of the NW composition, EDX 
point analysis of at least ten NWs for each sample was performed. 
4.3.3 Influence of AsH3/TMGa ratio 
In this section, AsH3/TMGa ratio is kept at a relatively low level compared with the 
large V/III ratio used for GaAs NW growth and is varied in the range from 0.5 to 2.5 by 
increasing the AsH3 flow only. The main changes of morphology, composition and 
structure with this parameter are compared in Figure 4.7. In general, the growth rate of 
GaAs1-xSbx NWs is small and the NWs are quite tapered. In addition, around 14% of the 
NWs are kinked at AsH3/TMGa ratio of 2.5 (sample #3), as indicated by the arrow. As 
a consequence no further increase of AsH3 flow is investigated. From Figure 4.7b, it 
seems that AsH3 flow has little effect on the growth rate and the TR. TR is about 5% for 
the NWs in the whole investigated range. The axial growth rate remains fairly constant 
at ~35 nm/min when AsH3/TMGa is below 1.5 but increases to about 53 nm/min at 
ratio of 2.5. The Sb content, on the other hand, reduces significantly from 0.6 to 0.09 
(see Figure 4.7b). In the meantime, the Sb composition ratio in the vapour drops from 
0.6 to 0.23. The Sb incorporation efficiency into the NWs is larger at low AsH3 flow, 
which indicates that As is easier to nucleate from the Au seeds in comparison to Sb, 
especially when the As supply is sufficient. One likely reason for this content 
preference is the smaller formation energy of GaAs than that of GaSb [34].  
In general, Sb-related III-V NWs show ZB structure and most of them are free of 
any planar defects [10, 16, 22, 25, 35]. In another Sb-related ternary NWs, InAs1-xSbx, a 
dependence of twin density on Sb composition is reported, where twin-free NWs are 
observed above an Sb threshold concentration of 0.12 [25]. A similar trend is observed 
in the GaAs1-xSbx NWs, including both Au-seeded (this work) and self-seeded NWs 
[10]. In sample #1, NWs are grown without single twin formation, as depicted in Figure 
4.7c. Twin starts to form when AsH3 is increased, as shown in Figure 4.7d (sample #2) 
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and 4.7e (sample #3). The insets in Figure 4.7d show a SADP and the corresponding 
HRTEM image which confirm the presence of rotational twin. The occurrence of twin 
is related to the AsH3 flow, or more fundamentally, the Sb content in the NW. A 
completely twin-free NW is found for Sb content at or above 0.4 (AsH3/TMGa below 
1), while a few twins are observed for Sb content equal/below 0.29. Compared to 
InAs1-xSbx NW, the threshold of Sb incorporation is much higher in GaAs1-xSbx NWs. 
In addition, no clear variation of twin defect density is observed for the NWs with Sb 
composition between 0.09 and 0.29. 
 
Figure 4.7: Influence of AsH3/TMGa ratio on the morphology, composition and crystal 
structure of GaAs1-xSbx NWs. (a) SEM images of NWs with various AsH3/TMGa ratios: 
0.5 (sample #1), 1.5 (sample #2) and 2.5 (sample #3). (b) Dependence of growth rate, 
tapering ratio and Sb content on AsH3/TMGa ratio. TEM images of the samples #1 (c), 
#2 (d) and #3 (e) with arrow indicating the twin position. Inset in (d) is the SADP at the 
twin and corresponding HRTEM image. Scale bar and tilt angle in SEM images are 1 
µm and 45°, respectively.  
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4.3.4 Influence of TMSb/TMGa ratio 
The effect of TMSb/TMGa ratio is studied by changing the TMSb flow while fixing 
the AsH3/TMGa ratio at 0.75. In contrast to the effect of AsH3 flow, the morphology of 
NWs depends critically on TMSb flow, as shown in Figure 4.8a. 
 
Figure 4.8: Influence of TMSb/TMGa ratio on the morphology, composition and 
crystal structure of GaAs1-xSbx NWs. (a) SEM images of NWs with various 
TMSb/TMGa ratios: 0.5 (sample #4), 1 (sample #5) and 1.5 (sample #6). (b) 
Dependence of growth rate, tapering ratio and Sb content on TMSb/TMGa ratio. (c) 
TEM image of a non-vertical NW in sample #5 shows the existence of inclined stacking 
faults. Inset is the corresponding SADP at the kinked section. (d) HRTEM image of the 
stacking faults marked in (c). Scale bar in SEM images is 1m. The cyan region in (b) 
indicates the condition where non-vertical NWs exist. The deeper the colour, the higher 
percentage of the non-vertical NWs. 
 NWs can only grow vertically at low TMSb flow but with a quite tapered 
morphology (sample #4). At slightly higher TMSb flow, around 16% of the NWs 
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become non-vertical (sample #5) and this value increases to nearly 100% at a 
TMSb/TMGa ratio of 1.5 (sample #6). Despite their non-vertical nature, the NWs show 
faster axial growth rate and reduced tapering under larger TMSb flow. More precisely, 
the axial growth rate is enhanced more than three times from 12 (sample #4) to 39 
nm/min (sample #5) and keeps rising up to 45 nm/min in sample #6 when TMSb/TMGa 
ratio is increased from 0.5 to 1.0 and to 1.5. Meanwhile, TR drops from 12% to around 
3% in the investigated parameter range, which is a result of a combination of faster 
axial growth and reduced lateral growth rate. Since GaSb NWs are usually taper-free 
while GaAs NWs grown at this temperature show a pyramidal shape, it is thus 
suggested that tapering in the ternary GaAs1-xSbx NWs is due to the presence of As. At 
higher TMSb flow, the growth behaviour of ternary NWs is more alike GaSb. Thus, it is 
suspected that lateral growth and tapering are mainly controlled by TMSb flow. At 
low TMSb flow, lateral growth induced by AsH3 is large while lateral growth rate is 
much suppressed at high TMSb flow. Despite the drastic change of morphology, the 
Sb content seems to be less dependent on TMSb flow (see bottom graph in Figure 4.8b). 
Before the NWs become completely non-vertical, the Sb content increases slightly 
from 0.42 to 0.51. In sample #6, where all the NWs are non-vertical, the Sb content 
even drops (to 0.35). 
In terms of crystal structure, twin defects perpendicular to the axial growth 
direction are now absent. Instead, planar defect inclined to the growth direction is found 
at higher TMSb flow (both in samples #5 and #6), denoted as inclined fault, especially 
at the region where the NW is kinked. The orange arrows in Figure 4.8c indicate such 
inclined faults in sample #5. Based on the angle difference, SADP and HRTEM in 
Figure 4.8d, the inclined faults are formed along the (-1-11) plane. In the inset SADP, 
only consecutive spots other than clean twin diffraction spots along [-1-11] direction 
are observed, which implies these defects are indeed stacking faults. A corresponding 
HRTEM image shows a combination of stacking faults and a few bilayers of twinned 
region. Inclined faults are also found in vertical NWs (sample #5) but mostly at the 
bottom of the GaAs1-xSbx NWs. 
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Indeed, inclined faults are commonly observed in kinked semiconductor NWs and 
are thus associated with NW kinking [36-38]. In the GaP/Si hybrid axial heterostructure, 
the inclined twin formation process is explained as Au alloy droplet moves to wet the 
sidewall and nucleates twin defects on the inclined interface based on surface energy 
balance simulation results [36]. Similarly in our GaAs1-xSbx NWs, kinking is caused by 
the inclined faults, which is attributed to a decrease in the surface energy of the Au 
alloy particle (liquid-vapour surface) at high TMSb flow. This is also true in GaSb 
binary NWs, where GaSb NWs crawl back to the GaAs stems or kink to other 
directions at high TMSb flow. We believe this effect is related to the surfactant property 
of Sb as will be further discussed in section 4.5.  
4.3.5 Influence of the total precursor flows 
In addition to AsH3/TMGa and TMSb/TMGa ratios, total precursor flow is found to 
have a profound effect on GaAs1-xSbx NW growth. Therefore, the total flow of the 
precursors (both group III and V flows) is varied with fixed AsH3/TMGa (1.5) and 
TMSb/TMGa (1.5) ratios. The morphology and composition changes are shown in 
Figure 4.9. At a low precursor flow, NWs are all vertical and slightly tapered (sample 
#7). When the flow rate is doubled (sample #8), NWs become all kinked though the 
growth rate is much enhanced. TR is quite sensitive to the precursor flow. With a slight 
increase of TMGa flow from 0.5III0 to 0.75III0, TR drops largely from over 4% to 
nearly zero. This is attributed to the significantly suppressed lateral growth rate under 
high TMSb flow. Further increasing precursor flow does not reduce the TR as NWs are 
already nearly taper-free while the axial growth rate is further improved. It is 
interesting that the Sb content drastically decreases from 0.35 at low flow rate (0.5III0) 
to around 0.04 at high flow rate (see bottom graph in Figure 4.9b), showing a 
dependence of Sb incorporation efficiency with precursor flow. Except for the inclined 
faults observed at the kinking intersection, all NWs have a twin-free ZB structure.  
As one would expect, the effect of total precursor flow on the morphology of 
GaAs1-xSbx NWs also depends on the AsH3/TMGa and TMSb/TMGa ratios. When both 
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AsH3/TMGa and TMSb/TMGa ratios are small and fixed at 0.75, much higher 
precursor flow is required to kink the NWs. These results indicate a careful adjustment 
of the flow rate, the AsH3/TMGa and TMSb/TMGa ratios is needed to obtain high 
quality GaAs1-xSbx NWs. 
 
Figure 4.9: Influence of total precursor flow rate on the morphology and composition 
of GaAs1-xSbx NWs. (a) SEM images of NWs with two different III0 flows: 0.5 
(sample #7) and 1 (sample #8). (b) Dependence of growth rate, tapering ratio and Sb 
content on the group III flow. Scale bars in (a) are 1 m. The cyan region in (b) 
indicates the condition where non-vertical NWs exist. Both AsH3/TMGa and 
TMSb/TMGa ratios are fixed as 1.5. 
In this section, we have investigated the effect of AsH3/TMGa and TMSb/TMGa 
ratios, and the total precursor flow rate on the morphology, composition and crystal 
structure of GaAs1-xSbx NWs. Regarding morphology, the main features of the NWs 
can be decomposed into tapering (lateral growth), axial growth rate and kinking. 
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Lateral growth is mostly controlled by TMSb flow. Under high TMSb flows, which is 
achievable by either large TMSb/TMGa ratio or higher total precursor flow, a thin 
layer of Sb adatoms could form and cover the sidewall of NWs thanks to its surfactant 
effect [39]. Nucleation rate on the sidewall is then reduced and leads to reduced 
tapering ratio or even nearly taper-free NWs (sample #8). On the other hand, AsH3 
flow seems to have much less effect on tapering ratio in the investigated range. Axial 
growth rate can be strongly enhanced by increasing total precursor flow or 
TMSb/TMGa ratio via improving the nucleation driving force (supersaturation). At 
high TMSb flow, the suppressed nucleation on the sidewall could push more Ga, As 
and Sb adatoms into the Au catalyst, increasing the axial growth rate as a result. In 
comparison, the change of axial flow rate with AsH3 flow is not as sensitive as with 
the TMSb flow. Kinking is observed mostly at high TMSb flow, either realised by 
high TMSb/TMGa ratio or total precursor flow. Under really high AsH3 flows, 
kinking is also observed, which is attributed to an increase in Sb content of the Au 
droplet at higher AsH3 flow is due to less incorporation of Sb into the NW as a result of 
competition between the As and Sb adatoms. 
In terms of Sb content in the NW, several aspects do contribute. The Sb 
concentration decreases with increasing AsH3 flow while the Sb content variation 
with TMSb flow is not clear. Moreover, a drop of Sb content is surprisingly observed 
with increasing TMSb/TMGa ratio (see sample #6 in Figure 4.8) or total precursor 
flow (see sample #8 in Figure 4.9). A tentative explanation is proposed to address this 
growth behaviour. When increasing TMSb flow in the vapour, more Sb adatoms are 
adsorbed on the sidewall of NWs, which significantly suppresses the nucleation rate 
on the sidewall and reduces NW tapering, as clearly shown in Figure 4.8. As a 
consequence, the As adatoms on the sidewall will desorb and serve as a secondary 
source for NWs growth, increasing the As concentration in the droplet as well as axial 
growth rate. Indeed, this secondary group V source mechanism has been 
demonstrated in a related work on self-seeded GaAs NWs [33]. According to Figure 
4.7, it is clear that Sb content is controlled by the As concentration in the droplet. 
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Therefore, the reduced Sb content in the NW under higher TMSb flow is because it 
indirectly leads to an As-rich Au droplet.  
From the above analysis, high TMSb flow is required to avoid lateral growth. 
However, these growth conditions tend to form non-vertical NWs. The growth 
temperature is fixed on purpose to simplify the growth understanding, but it could be 
changed to further tailor the morphology of NWs. 
Overall, GaAs1-xSbx NWs have a ZB structure. The observed crystal defects are 
subdivided into two groups: normal twins perpendicular to the growth direction in 
vertical NWs and inclined faults in most non-vertical NWs. The occurrence of normal 
twin depends on the Sb content in the NWs. NWs form a twin-free ZB structure when 
Sb content is over 0.4 for fixed TMSb/TMGa ratio of 0.75. This composition threshold 
also relies on the TMSb/TMGa ratio and precursor flow rate. Under high TMSb flow, 
GaAs1-xSbx NWs with only 4% Sb can form a twin-free structure (sample #8). For the 
second type of defects, inclined faults, their formation is often related to NW kinking 
and is quite complex. However, investigating their formation is important for 
deepening the understanding of NW growth and kinking, and is thus discussed in detail 
in the following section.  
4.4 Understanding of inclined faults in non-vertical NWs 
Kinking and crawling are common phenomena during NW axial heterostructure 
growth which is explained as a result of island nucleation at the interface of the 
heterostructure [19, 40]. According to crystal nucleation thermodynamics, island 
instead of layer nucleation could form if the Au particle does not like to wet the newly 
formed nuclei. Then the nucleated island pushes the Au particle to the side of the NW, 
resulting in either kinking or crawling. Reducing the interface energy difference and 
sharpness by growing a compositionally graded layer is therefore supposed to 
overcome the island formation. This hypothesis is tested by growing a graded layer 
between GaAs stem and GaAs1-xSbx NWs with growth conditions the same as sample 
Chapter 4: Growth study of Sb-related III-V nanowires: from binary GaSb to ternary GaAs1-xSbx semiconductor 
nanowires 
75 
 
#8. The graded layer is firstly grown with conditions similar to those of the reference 
sample for 3 min to guarantee the layer nucleation and vertical NW growth. Then AsH3 
and TMSb flows are gradually increased to the same flow as sample #8 in 5 min to 
minimize sudden variation in the composition difference. Still, the yield of vertical 
NWs is not improved by this procedure. Thus it is believed that the occurrence of NW 
kinking or bending is not due to an abrupt change of the growth conditions but the 
growth conditions themselves do not favour vertical NW growth. In addition, a 
drawback of this hypothesis is that it cannot explain the formation of inclined faults. 
Instead, the modification of the Au wetting configuration due to the surface energy 
changes induced by different precursor’s flows could explain the formation of 
non-vertical NWs and the related inclined faults. Under the assumption of steady-state 
growth condition, the wetting angle (β) should satisfy Young’s equation: cos( 𝛽) =
−𝛾𝐿𝑆/𝛾𝐿𝑉 . In addition, the allowed value of β should be within a range of angles 
according to the criterion deduced by Nebol’sin [41].  
During NW growth under the presence of TMSb, the surface energy of the system 
can be significantly changed due to the surfactant role of Sb. An evidence of this 
change can be obtained by observing the Au wetting angle. Although the Au wetting 
configuration during growth and after growth can be different, but these results are still 
useful to provide an insight into the growth mechanism. 
Figure 4.10 shows some examples of measured wetting angle at different growth 
conditions. For consistent comparison, all the contact angles are based on bright field 
TEM images viewed along the [1-10] zone axis. Under reference growth conditions, β 
is in the range of 95~110º (Figure 4.10a). Doubling AsH3 flow only slightly increase β 
(Figure 4.10b) while an obvious increase of β can be seen when doubling TMSb flow 
(around 120º in Figure 4.10c). If both AsH3 and TMSb flows are doubled, β can be as 
large as 130º (Figure 4.10d). It should be noted that samples in Figure 4.10a-b are 
vertical NWs while samples in Figure 4.10c-d are non-vertical NWs. It is worth 
mentioning that the precursor flow during cooling down is different for these samples 
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in Figure 4.10a-d. Considering the fact that the wetting angle measured could change 
during cooling process, the AsH3 and TMSb flows during cooling down are fixed to be 
the same as sample #8 (double AsH3 and TMSb flow) for the above four samples. The 
measured β for these samples is still similar to Figure 4.10, which suggests that wetting 
angle is not much affected during the cooling down process and the wetting 
configuration in Figure 4.10 is a good representation of the real situation during NW 
growth. According to the Young’s equation, the larger β at high TMSb flow is caused 
either by reducing 𝛾𝐿𝑉 or increasing 𝛾𝐿𝑆. In this work, it is suggested that a reduction 
of 𝛾𝐿𝑉 is more reasonable since the liquid-vapour surface is directly exposed to the 
vapour phase and easily affected by the Sb surfactant. 
 
Figure 4.10: Au droplet configuration after growth, showing the increase of wetting 
angle under high TMSb flow. (a-d) Bright field TEM images of the Au catalyst along 
[1-10] zone axis: reference sample (a), double AsH3 flow (b), double TMSb flow (c) 
and double both TMSb and AsH3 flows (d). Scale bars are 20 nm. 
𝛾𝐿𝑉 varies with the constituents in the Au catalyst. Both Ga (0.72 J/m
2) and Sb 
(0.366 J/m2) have smaller surface energy than the pure Au (1.14 J/m2) [39, 42]. Thus 
the existence of these elements in the Au catalyst can strongly reduce 𝛾𝐿𝑉. EDX point 
analysis demonstrates the presence of Ga in the Au particle for all the samples in 
Figure 4.10. Noticeable Sb is only found for sample #8 where it sometimes even 
forms the AuSb2 phase while the Sb content in the NW is below 5%, which again 
implies that the Sb incorporation efficiency is not determined by the Sb content in the 
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droplet. The exact Ga content in the catalyst for the reference sample (Figure 4.10a) 
and sample #6 (doubling TMSb flow, Figure 4.10c) is similar at ~50 at.%. However, 
the wetting angle difference between these two samples is substantial, suggesting that 
the composition of Ga in the catalyst is not the crucial factor in determining the wetting 
configuration. Getting rid of all the above possibilities, the surfactant role of Sb is then 
the only reason for the observed change of wetting angle. Under high TMSb flow, 𝛾𝐿𝑉 
is reduced and β is increased as a result. The larger wetting angle means that the Au 
particle is less stable and the tendency for it to move to the sidewall increases. As the 
Au moves to the sidewall of NWs and forms an inclined interface, the newly formed 
triple phase line at this inclined interface allows for the formation of nucleus. Different 
kinds of crystal defects can then form on this inclined facet as well, leading to NW 
kinking or even forming curved NWs [36]. These results explain why the growth of 
Au-nucleated GaAs1-xSbx and GaSb NWs is extremely sensitive to TMSb flow and 
usually only a small flow of TMSb should be used. 
After a prolonged growth of GaAs1-xSbx NWs, the interface between the GaAs and 
GaAs1-xSbx is buried by lateral GaAs1-xSbx growth, which causes difficulties in studying 
the origin of the inclined faults. Therefore, GaAs1-xSbx NWs with the same growth 
conditions as sample #8 (double AsH3 and TMSb flow) are grown for 5 min to avoid 
too much lateral overgrowth and reveal the “fresh” interface. The obtained results are 
shown in Figure 4.11. Unlike NWs grown for longer time, both non-vertical and 
“vertical” NWs can be found after growth of 5 min, as shown in Figure 4.11a. By 
extending the growth time to 7.5 min, all the NWs kink or bend, which shows that 
kinking or bending does not happen after immediately switching to GaAs1-xSbx NW 
growth, which again is in contradiction to the proposed island nucleation mechanism 
for NW kinking [19]. The enlarged SEM image shows an irregular shape of both the 
GaAs1-xSbx segment and the top Au particle, suggesting that the Au particle is unstable 
and the crystal growth is more complex than simple layer-by-layer nucleation. Indeed, 
around 60 nm of straight GaAs1-xSbx segment is grown before the formation of inclined 
faults and NW kinking, as demonstrated by TEM image together with EDX line scan in 
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Figure 4.11b. This indicates that a noticeable amount of time is needed for Au seed to 
evolve from a stable and suitable wetting configuration for NW growth to an unstable 
status wetting both the top and sidewall of the NW. Since no Sb composition difference 
is found before and after the formation of inclined faults, Sb content in the NW is 
excluded from the reason for inclined faults. Beyond the inclined faults, GaAs1-xSbx 
crystal nucleation is unstable and an irregular shaped crystal is formed, indicating that 
the inclined faults are a “landmark” for unstable Au wetting configuration and the 
resulting unstable NW growth. HRTEM image and FFT in Figure 4.11c show a 
combination of twins and stacking faults in the marked region in Figure 4.11b.  
 
Figure 4.11: The formation of inclined defects and a schematic of non-vertical NWs. 
(a) SEM of GaAs1-xSbx NWs grown only for 5 min, showing the vertical and 
non-vertical NWs. (b) TEM/EDX of a curved NW with inclined defects. Red arrow 
indicates the position of inclined faults. (c) HRTEM image of the marked region in (b). 
Both twins and stacking faults could be observed. The inset FFT shows the spots as a 
result of twins and streaking as a result of stacking faults. (d) Schematic showing the 
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evolution of non-vertical NWs with inclined defects. White dotted lines depict 
inclined faults. Scale bar in (a) is 1μm 
Based on the above experimental evidence and analysis, a growth scenario for the 
inclined faults and kinking in GaAs1-xSbx NWs is shown in Figure 4.11d. After 
switching to GaAs1-xSbx NW growth, the NWs keep growing vertically for a while. The 
wetting angle of Au will gradually increase in this time region (ii). When sufficient Sb 
is accumulated in the Au droplet, Au catalyst on the top of the NW is no longer stable 
but has to migrate to wet the sidewall and form a {111} inclined interface (iii). 
Consequently, this inclined interface is another proper nucleation site for VLS growth 
and thus planar defects can form. If the Au particle can recover to wet only the top 
interface, straight NW with inclined defects can form (a-iv). Otherwise, the Au droplet 
wets different facets and forms various interfaces. Nucleation on different interfaces 
competes with each other, resulting in unstable NW growth and forming twisted 
segments with a high density of planar defects (b-iv). Later, as the Au wetting 
configuration evolves, another stable wetting configuration could eventually be formed. 
Then NWs start growing stably again, leading to kinked NWs (b-v). Note that the 
proposed process for the formation of inclined faults and kinking here is recently 
directly demonstrated by in-situ TEM observation of Si NWs growth [43]. 
4.5 Realization of single GaAs0.56Sb0.44 NW infrared photodetector 
To demonstrate the photodetection abilities of the GaAs1-xSbx NWs in the near 
infrared region, single GaAs0.56Sb0.44 NW photodetector with pure twin-free ZB 
structure is fabricated via a standard technological process involving EBL writing 
[44]. Briefly, GaAs0.56Sb0.44 NWs are mechanically transferred to a p
+-Si substrate with 
300 nm-thick thermally oxidized SiO2 layer. The electrodes are prepared via a series 
process of EBL writing, developing, oxygen plasma cleaning, wet etching (9% HCl for 
1-2 min), depositing of Ti/Au (10/220 nm thick) films and lift-off process [44]. The 
2-dimentional photocurrent mapping of the fabricated NW device is carried out by 
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confocal microscopy equipped with a WITec alpha300 optical and scanning probe 
microscopy system. The typical dark/light current is determined by a KEYSIGHT 
B2902A precision source. The spectral response of the detector at room temperature is 
measured by an amplitude modulation technique [44]. 
A typical SEM image of the photodetector device is shown in Figure 4.12a. Two 
ends of the GaAs0.56Sb0.44 NW are contacted with Ti/Au metal. The gap between the 
two electrodes is 1.5 μm. Before characterizing the performance of the NW 
photodetector, it is important to make sure that the measured signal comes from the 
NW itself instead of the semiconductor/metal contact. This could be confirmed by 
either four probe contact device or photocurrent mapping. Considering the relative 
short length of the NW, photocurrent mapping is more suitable in this case. Figure 
4.12b shows reflection profile of a NW photodetector device. The oblong shaped 
electrodes are quite clear and the position of NW inside is denoted by the dotted circle. 
The corresponding two dimensional photocurrent mapping of this NW detector is 
shown in Figure 4.12c. The majority of the photocurrent distribution is within the 
dotted circle region which represents the position of non-metal covered NW section in 
Figure 4.12b, undoubtedly proving that photocurrent is created from the NW.  
 
Figure 4.12: (a) SEM image of a single GaAs0.56Sb0.44 NW photodetector (b) reflection 
profiles of the fabricated NW photodetector. (c) 2D photocurrent mapping of the 
detector in (b) under 532 nm laser excitation. (d) Room temperature dark and light I-V 
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curves of the NW photodetector. (e) Photocurrent spectrum of the photodetector at 
room temperature. The applied bias is 0.15 V. 
The dark current and photocurrent at bias of 0.15 V are shown in Figure 4.12c. Both 
dark and light current show linear and symmetrical features, demonstrating the good 
Ohmic contacts between the electrodes and the NW. The dark current of the 
photodetector is relatively high, indicating a high level of unintentional doping of the 
NW. Indeed, back-gated field effect transistor (FET) demonstrates that the NW is 
unintentionally p-type doped with carrier concentration of 3.2×1017 cm-3 [44]. Under 
the excitation of a white light source, a larger current compared with the dark current is 
observed. The room temperature photocurrent spectrum of the NW photodetector is 
measured at a bias voltage of 0.15 V with a calibrated Ge photodetector. As shown in 
Figure 4.12e, the photo response is quite flat over a broad infrared wavelength region 
with a cutoff wavelength at ~1660 nm. The results cover the telecommunication 
wavelength 1.3 and 1.55 μm with good photo responsivity of 2.37 and 1.44 A/W, 
respectively. 
4.6 Summary and conclusion 
In this chapter, starting from the growth of binary GaSb NWs, growth is 
successfully extended to the more complex ternary GaAs1-xSbx NWs. Composition 
tunability is achieved over a wide range of Sb compositions from 0.08 to 0.6. Binary 
GaSb NWs growth is sensitive to TMSb flow and NWs show perfect taper-free 
morphology with twin-free ZB structure. On the contrary, most GaAs1-xSbx NWs show 
a tapered morphology with an unintentionally formed core/shell structure. In addition, 
six As-rich bands along the <112> direction are observed, which suggests that the 
surface diffusion length for Sb is larger than for As.  
The effect of growth conditions on the growth of GaAs1-xSbx NWs is studied. The 
composition of GaAs1-xSbx NWs (x=0.09~0.6) is mainly determined by AsH3 flow 
while TMSb is critical on the morphology. All the GaAs1-xSbx NWs show a ZB crystal 
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structure. A few twin defects per NW perpendicular to the growth direction are found in 
GaAs1-xSbx NWs at low As content while inclined faults, including both twin and 
stacking faults, are found in non-vertical NWs. As a result, a delicate balance of the 
growth conditions is required to avoid twin defects and NW kinking. High quality, 
slightly tapered, twin-free and composition tunable GaAs1-xSbx NWs are achieved. 
Furthermore GaAs0.56Sb0.44 NWs are used to fabricate single NW photodetector 
showing broadband infrared light response from 1100 to 1600 nm at room temperature. 
In this chapter, it is also found that the surfactant role of Sb is critical in tailoring 
the growth of GaSb and GaAs1-xSbx ternary NWs by strongly affecting the surface 
energy balance of the Au particles and the resulting wetting configuration of Au. The 
significantly reduced surface energy due to the addition of Sb causes NW growth to 
be quite challenging with only a small growth window for GaSb and GaAs1-xSbx NW 
growth. High TMSb flow will result in high local Sb concentration in the Au droplet, 
which makes Au droplet unpin from the top to the NW sidewall. The newly formed 
inclined interface between Au and NW leads to nucleation of inclined faults. NWs 
growth is then unstable and kinking occurs. 
The surfactant role of Sb is detrimental to GaAs1-xSbx NWs growth on the 
commonly used GaAs(111)B substrates. However, this role can be utilized as surface 
energy engineering to boost NW growth in other directions, such as <111>A. In 
addition, the critical growth conditions required for GaAs1-xSbx NWs on (111)B 
substrate also suggest that different substrates should be studied to broaden the growth 
windows of Sb-related NWs. Stemming from the knowledge gained in this chapter, 
these studies are carried out in Chapter 6. 
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Chapter 5: Antimony induced {112}A facetted triangular 
GaAs1-xSbx/InP core/shell nanowires and their enhanced 
optical qualities 
5.1 Introduction 
High crystal quality GaAs1-xSbx ternary NWs with tuneable Sb content from 0~0.6 
have been obtained in chapter 4. These GaAs1-xSbx NWs are interesting for 
applications in the near infrared region covering from 1.3 to 1.5 μm which are the two 
main optical telecommunication wavelength windows. However, even though the 
GaAs1-xSbx core only NWs show stronger PL emission intensity than GaAs core only 
NWs [1], its emission efficiency is still far from high enough due to their high surface 
recombination velocity (SRV) which lies between that of GaAs (~2.5×106 cm/s) [2] 
and GaSb (8×104 cm/s) [3]. Surface passivation is highly desirable to reduce SRV. For 
GaAs1-xSbx NWs, InP would be an ideal shell candidate, as stated in the Chapter 1. 
However, despite the advantages and a wealth of reports published on the planar 
version of this heterostructure, GaAs1-xSbx/InP heterostructures are unexplored in the 
NW geometry. 
In this chapter, we present a complete study of GaAs1-xSbx/InP core/shell NW 
structures. First, we show growth optimization of the core/shell structure in section 
5.3. Larger V/III ratio and higher growth temperature are favourable to obtain a 
smooth InP shell. The whole GaAs1-xSbx/InP core/shell NWs have a twin-free ZB 
structure. In section 5.4, the interesting growth phenomenon of InP shell on 
GaAs1-xSbx core is investigated. After InP shell growth, the cross section of the NW 
becomes triangular and the sidewalls of the NWs are dominated by rather 
unexpectedly A-polar {112} side facets. In section 5.5, superior optical qualities of the 
core/shell structure are analysed using power dependent PL experiments and Rayleigh 
scattering techniques.  
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5.2 Experimental section 
Based on the growth optimization of Au-nucleated GaAs1-xSbx NWs in chapter 4, 
the GaAs1-xSbx core NWs were grown on GaAs stems at 500 °C for 90 min. Au 
particles with 40 nm diameter were used for all the NWs investigated in this chapter. 
The growth conditions were carefully adjusted to obtain vertical twin-free ZB 
GaAs1-xSbx NWs with two different Sb compositions (determined using calibrated 
EDX measurements): GaAs0.71Sb0.29 and GaAs0.56Sb0.44. The growth conditions for the 
GaAs1-xSbx core at x=0.29 and 0.44 Sb were: T=500 ºC, TMGa=1.2×10
-5 mol/min, 
AsH3/TMGa=1.25 and TMSb/TMGa=0.75; T=500 ºC, TMGa=1.7×10
-5 mol/min, 
AsH3/TMGa=0.75, TMSb/TMGa=0.75, respectively. 
After GaAs1-xSbx core growth, the growth conditions were changed to favour a 
radial InP shell growth. Broad growth conditions of InP shell were investigated: 
T=500~600 °C, TMIn=0.6746~1.3492 ×10-5 mol/min, V/III=100~2000 and growth 
time: t=8~48 min. During the work, it was found that Au particle crawled back to the 
sidewalls of the NW if InP shell was directly grown on the GaAs0.56Sb0.44 core. This 
phenomenon was caused by the instability of the gold seeds under high Sb flows, as 
shown in chapter 4. Indeed, it was observed that Au particles can migrate from the 
main {111}B surface to wet the NW sidewalls in chapter 4. On the other hand, this 
did not occur for InP shell growth on the GaAs0.71Sb0.29 core NWs. To overcome this 
challenge, GaAs0.71Sb0.29 was then grown for a short time (4 min) after the growth of 
GaAs0.56Sb0.44 core and before initiating the InP shell growth with the purpose to keep 
the Au particle on the top of the NW during the following InP shell growth. 
Single NW PL measurements were carried out at room temperature. The NWs 
were excited by a 632 nm continuous wave (CW) laser and the PL emissions were 
detected with a linear InGaAs p-i-n photodetector array with cut-off wavelength of 
1600 nm. For transient Rayleigh scattering (TRS) experiments [4-6], NWs were 
dispersed onto a marked Si substrate and placed onto the copper cold finger of a 
constant helium flow cryostat. The NW was photo-excited by a pump pulse (550 nm) 
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extracted from a Fianium supercontinuum source. The configuration of the setup is 
shown in chapter 3. The repetition rate of the laser was 20 MHz. 
5.3 Synthesis of GaAs1-xSbx/InP core/shell structure with superior 
crystal quality 
5.3.1 InP shell growth optimization 
InP shell growth is first performed on GaAs0.56Sb0.44 core since the potential strain 
induced growth issues would be minimized in this case. After GaAs0.56Sb0.44 core 
growth at 500 ºC, InP shell growth is performed without changing the temperature at 
V/III ratio of 200. After InP shell growth, surface of the NWs are rough and the core 
is only partially covered, as shown in Figure 5.1a. 
 
Figure 5.1: Morphology, structure and composition distribution of GaAs0.56Sb0.44/InP 
core/shell NWs. (b) TEM image along the [11-2] zone axis showing the contrast 
between the InP shell and GaAs0.56Sb0.44 core. (c-e) EDX composition mapping of a 
core/shell NW: Ga element (c), In element (d) and overlay of Ga and In elements (e). 
The growth conditions for the InP shell is 500 °C and V/III ratio is 200. Scale bars are 
1 µm in (a) and 100 nm in (c-e).  
It is found that bright field TEM image along the commonly used [1-10] zone axis 
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cannot easily distinguish the shell from the core. In contrast, an obvious boundary of 
the core/shell interface is observed when taking the TEM image along [11-2] zone 
axis, as indicated by the dotted line in Figure 5.1b. The core/shell structure is revealed 
by EDX mapping in Figure 5.1c-e. Around 9 nm of InP shell is formed on the 
GaAs1-xSbx core. A closer look at the EDX mapping shows the strongest X-ray 
intensity of Ga elements is in the centre of the NW, which is caused by thickness 
contrast of the hexagonal GaAs1-xSbx core. On the other hand, the X-ray intensity of 
In element is the weakest in the centre, which suggests that InP shell is not uniform. 
Disregarding the non-uniformity and non-optimized InP shell, the above data show 
promising results in the context of forming GaAs1-xSbx/InP core/shell NW 
heterostructures.  
The optimization of InP shell is mainly focussed on the V/III ratio and growth 
temperature. Increasing the V/III ratio from 200 to 1000 increases the percentage of 
core/shell NWs with smooth morphology (Figure 5.2a). The InP shell quality becomes 
better as the growth temperature increases (Figure 5.2b-e). 
 
Figure 5.2: Optimization of the InP shell growth. (a) 500 °C, V/III=1000, (b) 525 °C, 
V/III=1000, (c) 550 °C, V/III=1000, (d) 575 °C, V/III=1000, (e) 600 °C, V/III=1000. 
Scale bars are 1 µm.  
When growth temperature exceeds 550 ºC, all the NWs present a smooth InP shell. 
At higher temperatures, inter-diffusion in the region around the hetero-interface is 
known to be promoted at high temperature and the detrimental intermixing would be 
very likely in our case, since the GaAs1-xSbx/InP material system contains five 
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different elements. Thus  the preferred standard InP shell growth conditions in this 
chapter are then fixed at a moderate growth temperature of 550 °C, V/III=1000, 
TMIn=0.6746×10-5 mol/min. Under these growth conditions, a smooth InP shell 
morphology for all NWs is maintained.  
5.3.2 NW morphology evolution 
It is found that the shape of NW sidewall facets evolve from purely hexagonal 
({110}) to truncated triangular (3 main {112}) when the InP shell growth time is 
increased to 16 min, as compared in Figure 5.3a and 5.3d. We also noticed that this 
transformation of the sidewalls from {110} to {112} is not affected by the Sb 
composition in the core, suggesting the unexpected InP growth behaviour is not 
related to the Sb composition in the core or more fundamentally the strain between the 
core and shell. In the previous chapter, it was shown that all the GaAs1-xSbx NWs have 
a hexagonal shape with {110} side facets, independent on the Sb content. At lower Sb 
content (xSb=0.29), InP shell grows successfully around the core under the standard 
growth conditions (see comparison in Figure 5.3b and 5.3e). The InP shell growth 
seems to be not affected by the existing moderate strain (1.5%) between the core and 
shell. In addition, the main sidewall facets change from {110} to {112}. When further 
reducing the Sb content to 0.09, the InP shell does not form a smooth layer anymore, 
which is believed to be a result of the large strain between the core and shell. The 
selective growth of the InP shell and resulting triangular NW shape make the 
rotational twin in the NW easy to find even in SEM images, as illustrated by the red 
arrows in Figure 5.3f.  
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Figure 5.3: Comparison of GaAs1-xSbx/InP core/shell NWs with different Sb content 
in the core. The top row is the core only NWs: (a) xSb=0.44; (b) xSb=0.29 and (c) 
xSb=0.09. The corresponding morphology of the core/shell NWs after InP shell growth 
at standard conditions for 16 min are shown in (d-f). The scale bars are 1 μm. 
Unlike the nonpolar {110} facet, {112} facets are polar and can be divided into 
{112}A and {112}B facets. The polarity difference of the {112} facets is directly 
responsible for the formation of the triangularly shaped NWs. By analysing the TEM 
image (Figure 5.4a), the top view SEM image (Figure 5.4b) and the DP of the 
GaAs0.56Sb0.44/InP NW (Figure 5.4c), the polarity of the {112} side facets can be 
determined. According to the TEM image, no planar defect contrast, twin or stacking 
fault, is found in either the core or the shell. More details will be provided in section 
5.4.2, including geometrical phase analysis of cross-sectional HRTEM images. The 
InP shell inherits the high crystal quality from the twin-free ZB GaAs1-xSbx core, as 
proven by the HRTEM image (Figure 5.4d) of the marked region in Figure 5.4a. No 
dislocations at the interface between the core and shell could be found, showing a 
Chapter 5: Antimony induced {112}A facetted triangular GaAs1-xSbx/InP core/shell nanowires and their enhanced 
optical qualities 
91 
 
high quality coherent interface without dislocations.  
 
Figure 5.4: Polarity determination of the NW sidewalls. (a) TEM image of a typical 
GaAs0.56Sb0.44/InP core/shell NW along the [1-10] zone axis shows the thickness 
contrast with thicker region on the right hand side of the NW. (b) Top view of a 
core/shell NW with the arrow indicating the electron projection direction in (a). This 
shows the right hand side of the NW in (a) represents a facet, either {112}A or 
{112}B. (c) Corresponding SADP in (a) confirms that the right hand side of the NW 
is [112]A and the triangle shape of core/shell NWs mainly consists of {112}A side 
facets. (d) HRTEM image of (a) shows ZB twin-free structure of both the core and 
shell. The dotted line indicates the boundary between the core and shell. No 
dislocations are observed at the interface. Scale bars are 200 nm in (a), 100 nm in (b) 
and 10 nm in (d) 
In Figure 5.4a, only thickness contrast is found with a thicker region along the 
right hand side. According to the triangular geometry observed from top-view SEM 
image, this thicker region represents a major side facet. For Au-seeded GaAs1-xSbx 
NWs in this section, the polarity of the growth direction is the same as used substrate 
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which is (111)B. Then the (111) diffraction spot in the upward direction is determined 
to be (111)B. The other (111) diffraction spot in the top right-handed direction is 
(111)A polar. As a result, [112] direction on the right hand side is determined to be 
A-polar, as illustrated in Figure 5.4c [7]. It is worth mentioning that the polarity of 
{112} facets is unambiguously determined through this method even without direct 
proof from expensive but state-of-the-art aberration corrected TEM experiments. Thus 
the three facets forming the isosceles triangular prism shape of the NW are A-polar, as 
marked in Figure 5.4b. The formation of A-polar side facets is a surprise under 
PH3-rich conditions. Even though triangular shaped III-V NWs are commonly found 
[7-13], most NWs are reported to be {112}B polar except for the GaP NWs grown at 
low temperature and low V/III ratio [12] and very recently published Sn-seeded GaAs 
NWs [14]. The dominant formation of {112}B polar sidewalls in the III-V NW family 
is mostly caused by a lower surface energy of the B-polar facets compared with their 
A-polar counterparts under group V-rich growth conditions [15], leading to faster 
crystal growth along the A-polar direction [16, 17]. As a consequence, the sidewalls of 
NWs are largely bound by B-polar facets (except in the vicinity of their apexes [15]). 
The formation of the A-polar facets in the case of GaAs1-xSbx NWs will be discussed 
in the next section. 
5.4 Surfactant role of Sb in forming A-polar {112} side facets 
5.4.1 Cross sectional TEM and EDX results showing the selective growth of InP 
in the <112>B polar direction 
The unexpected formation of A-polar side facets of InP on GaAs0.56Sb0.44 core 
indicates some fundamental changes compared with other standard III-V core-shell 
structures reported to date. The understanding of the growth process requires detailed 
information about the core/shell structure, which can be revealed by cross sectional 
TEM analysis together with EDX measurements. The GaAs0.56Sb0.44 core and InP 
shell can be easily distinguished from the cross sectional TEM image in Figure 5.5a 
with its interface highlighted by the white dotted line. The inner GaAs0.56Sb0.44 core 
presents a hexagonal shape with non-polar {110} facets, agreeing well with previous 
reports on this material system [18, 19]. In contrast, the shape of outer InP shell 
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consists of mainly {112}A polar facets together with smaller {110} and {112}B facets. 
A closer look at the InP shape shows that very little InP growth takes place along the 
<112>A direction. As a result, the fast-growing {112}B and {110} facets gradually 
disappear, leaving only the {112}A facets. The shape of the core/shell structure is 
further confirmed by EDX composition mapping (Figure 5.5b). Six As-rich bands 
along the six <112> direction in the GaAs0.56Sb0.44 core are observed, in accordance 
with previous report and the results in chapter 3 [18, 20]. Selective growth of InP shell 
on different facets is also demonstrated by the EDX mapping, resulting in little 
coverage of InP on the GaAs0.56Sb0.44 core along the <112>A direction [21]. It is 
worth mentioning that no As rich layer around the GaAs0.56Sb0.44 core caused by the 
additional GaAs0.71Sb0.29 segment growth could be determined from the EDX 
mapping (Figure 5.5b), indicating that the extra GaAs0.71Sb0.29 growth on the 
GaAs0.56Sb0.44 core in the experiment has little effect on the shell growth but merely to 
stabilize the Au seeds on the top (111)B facet. 
 
Figure 5.5: Microstructure and compositional analyses of the core/shell structure. (a) 
TEM image of a typical cross sectional sample, showing the hexagonal core and 
truncated triangle shape of the shell. (b) EDX mapping showing the compositional 
profile of the core/shell structure. (c) Point EDX analysis of core and shell, showing 
the existence of trace amount of Ga, As and Sb in the shell. Dotted white lines in (a) 
indicate the boundary between the core and shell. 
The composition in both core and shell is further revealed by EDX point analysis, 
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as compared in Figure 5.5c. In and P contents in the core are below the EDX detection 
limits while trace amount of Ga, As and Sb are detected in the shell, which is ascribed 
to be a result of atomic inter-diffusion between the core and shell at high growth 
temperatures [22]. These results indicate that InP shell growth temperature should be 
kept low in order to minimize atomic inter-diffusion. The presence of Ga, As and Sb 
in the shell could also be the result of re-evaporation from the susceptor or walls in 
the MOVPE reactor. However, since no Sb signal is found either in the core or in the 
shell during the subsequent growth of a test GaAs/InP core/shell structure directly 
after GaAs1-xSbx growth, this reason is unlikely. 
5.4.2 Pseudomorphic core/shell structure demonstration 
The quality of the interface is quite important in the core/shell structure [22]. 
Since the core and shell material are not totally lattice-matched, the existing strain 
may lead to the dislocations at the interface. Coherent interface of the core/shell 
structure is critical for improving the optical qualities of the NWs, which is best 
characterized using geometrical phase analysis (GPA) based on high quality HRTEM 
images [23]. The strain mapping at the interface of GaAs0.56Sb0.44/InP core/shell 
structure is shown in Figure 5.6a where little strain contrast is observed. No sign for 
dislocations is spotted from the HRTEM and GPA mapping, which clearly 
demonstrates the coherence of the interface in the GaAs0.56Sb0.44/InP core/shell NWs. 
This is expected since only a 0.4% lattice mismatch exists between GaAs0.56Sb0.44 
core and InP shell. 
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Figure 5.6: Demonstration of coherent interface in GaAs0.56Sb0.44/InP (a) and 
GaAs0.71Sb0.29/InP (b) core/shell NWs. The images on the left hand side are HRTEM 
images while the corresponding strain mapping of the HRTEM images are shown on 
the middle and right hand side images. Insets in the HRTEM images show a 
magnified lattice structure at the interface with the dotted red arrow pointing at the 
interface. 
In Figure 5.3, it is shown that InP shell can also grow smoothly on GaAs0.71Sb0.29 
core. Compared with the GaAs0.56Sb0.44/InP core/shell structure, a larger lattice 
mismatch (around 1.5%) exists. The critical thickness at this level of strain between 
GaAs1-xSbx and InP is around 30 nm, while the InP shell thickness is only ~12 nm [24]. 
The HRTEM and GPA analyses shown in Figure 5.6b confirm that the interface 
remains fully coherent without the presence of stacking defects in this sample with a 
larger lattice mismatch. The strain difference in the core and shell can be seen easily 
from the GPA strain mapping. The red (green) colour in the GPA mapping represents 
compressive (tensile) strain, confirming that the GaAs0.71Sb0.29 core is under tensile 
strain. Note that the strong strain contrast pointed out by the white arrow is not a real 
dislocation as carefully ruled out by studying the HRTEM image. Instead, it is caused 
by the poor image quality at that position. These high quality pseudomorphic 
core/shell structures promise superior optical qualities with respect to core-only NWs 
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as the shell provides a passivation layer. For GaAs1-xSbx core with even lower Sb 
content, the large strain in the core/shell structure will cause defect formation at the 
interface, leading to a rough surface, as shown in Figure 5.3f.   
5.4.3 Formation of A-polar {112} side facets 
The full shape evolution process of the core/shell structure is revealed by studying 
the core/shell sample at different InP shell growth time from 0 to 40 min, as shown in 
Figure 5.7a. At first, the GaAs0.56Sb0.44 core shows hexagonal shape with {110} facets. 
After switching to shell growth, InP grows epaxially and selectively on the hexagonal 
GaAs0.56Sb0.44 core along the <110> and <112>B directions except in the <112>A 
direction. As a result, the original {110} facets gradually shrink due to their faster 
growth rate while the {112}A facets form. The growth rate in the <112>A direction 
remains negligible during the whole process. With increase of shell growth time, the 
shape evolves from a hexagon to a truncated triangle with {112}A facets. This whole 
shape evolution process is illustrated in Figure 5.7b. An atomic model of the 
core/shell structure projected in the [1-10] direction is presented in Figure 5.7c in 
order to show the atomic configuration difference of A- and B- polar {112} facets. 
 
Figure 5.7: Illustration of InP shell growth behaviour on a GaAs1-xSbx core. Cross 
sectional TEM images of the core/shell structure with shell growth time varying from 
0 to 40 min, showing the shape evolution from hexagon to truncated triangle. The 
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centre region is hexagonal GaAs0.56Sb0.44 while the outer region highlighted by blue 
colour is InP shell.  (b) Schematic showing this shape evolution. Red and orange 
arrows represent the growth direction of the shell in <112>B and {110} directions, 
respectively. The growth rate in the <112>A direction is nearly zero. Black lines show 
the formation process of {112}A facets, until finally developing into a triangular 
shape. (c) Atomic model shows the cross section in (b) projected along the [1-10] 
direction. There are extra Ga(In) dangling bonds on the A-polar {112} facets 
(indicated as A-site). In comparison, B-polar {112} facets have extra As(Sb, or P) 
dangling bonds, displayed as B-site. 
For ideal A- and B- polar {112} facets, the polarity difference lies in the extra 
Ga(In)- and As(Sb)- dangling bonds, respectively, as pointed out by the black arrow in 
Figure 5.7c. This difference in atoms configuration leads to different surface energies 
between the {112}A and {112}B facets. In general, A-polar surfaces have larger 
surface energy than B-polar surfaces under group V rich conditions, either PH3 or 
AsH3 [12, 15], thus presenting a larger growth rate according to Wulff’s rule [16]. On 
the contrary to the above analysis, the InP shell only grows along the <112> B-polar 
direction on the GaAs1-xSbx core and entirely supresses the growth rate in the <112>A 
direction, as illustrated in Figure 5.7b. A possible reason for this apparently opposite 
growth behaviour could be the presence of Sb, since Sb is known as a surfactant in 
III-V semiconductors and has been shown to strongly affect crystal growth [25, 26].  
To test this hypothesis, an InP shell was grown for 7 min. on a GaAs core at the 
standard shell growth conditions. The GaAs core was grown using a 2-temperature 
recipe to guarantee a twin-free ZB structure with 100 nm Au colloid which had 
similar diameter with the GaAs1-xSbx core [27]. The obtained morphology, structure 
and composition profile of the GaAs/InP core/shell structure are shown in Figure 5.8. 
After InP shell growth, the NW shows an un-tapered and smooth morphology. On the 
contrary to the shell growth on GaAs1-xSbx core, InP shell grown on GaAs core shows 
a hexagonal shape with mainly {110} facets, as demonstrated by TEM and SADP in 
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Figure 5.8b-c. The inner GaAs core has a truncated hexagonal shape bound with 
larger {112}B and smaller {112}A facets according to previous research in our group 
[15]. As a result, the larger (smaller) {112} facets of the InP shell are determined to be 
B (A) polar respectively, as marked in Figure 5.8b. The hexagonal shape in GaAs/InP 
core/shell structure suggests that the growth rate in the <112>A direction is larger than 
in <112>B and both growth rates are larger than in <110> direction, agreeing well 
with the standard hierarchy of surface energies under group V rich conditions: 
. Moreover, the InP shell growth rate in the <110> direction on 
the GaAs core (7.1 nm/min) is over 5 times larger than that on the GaAs1-xSbx core 
(1.3 nm/min), which indicates a strong reduction of nucleation driving force on the 
GaAs1-xSbx side facets in presence of even a small amount of Sb. Due to the large 
lattice mismatch (3.8%) with GaAs, the InP shell is plastically relaxed and is 
confirmed by the SADP in Figure 5.8c where both diffraction spots from the InP shell 
and GaAs core are observed. Therefore, strain between the GaAs core and InP shell is 
not the cause for the formation of {110} facets instead of A polar {112} facets. EDX 
point analysis of the core and shell is shown in Figure 5.8d. No Sb is found in either 
the core or shell, which implies that the amount of Sb residue in the reactor from the 
previous GaAs1-xSbx NW growth is too low to affect subsequent growth. Instead, trace 
amount of Ga (As) in the shell and In (P) in the core is observed, which is most likely 
due to atomic inter-diffusion. Based on the above comparison and the fact that Sb is 
an effective surfactant in altering the crystal growth behaviour, including but not 
limited to suppressing growth rate of Si NWs and changing crystal morphology of 
GaN and GaSb [25, 26, 28], the reduced shell growth rate and triangular shape of InP 
shell are then attributed to the reduction of surface energy in the presence of Sb.  
{110} {112} {112}B A   
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Figure 5.8: Morphology and structure of InP shell grown on a GaAs core, 
demonstrating that {112}A terminated side facets are caused by the surfactant role of 
Sb. (a) 45° tilted SEM image of the GaAs/InP core/shell structure. (b) Cross sectional 
TEM along the [111] direction shows hexagonal shape of InP and truncated hexagonal 
shape of the GaAs core. The marked crystal facets are determined from the 
corresponding SADP in (c). Dotted white lines indicate the development of the facets 
during InP shell growth. (d) Point EDX analysis of GaAs core and InP shell in (b).  
5.4.4 Growth attempts in changing the InP shell morphology 
Due to the negligible growth rate of InP along the <112>A direction, the 
GaAs1-xSbx core is only partially passivated, which may reduce the PL emission 
efficiency. Since surface diffusion, surface reconstruction and nucleation kinetics 
depend directly on the growth parameters, it is suspected that the morphology of InP 
shell can be tuned by exploring different growth conditions. Several suitable growth 
conditions for InP shell with {110} facets were investigated. According to a previous 
report on InP shell growth by MOVPE, low growth temperatures and larger V/III 
ratios tend to favour the formation of {110} side facets while {112} side facets are 
formed preferably at high temperatures and low V/III ratios [29]. In order to test the 
influence of growth parameters on the resulting facets, InP shell growth temperature 
was reduced to 525 °C while the V/III ratio was increased to 2000. The obtained 
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cross-sectional shape of the wire is shown in Figure 5.9a. Despite these growth 
conditions which are expected to favour {110} facet formations no growth along the 
<112>A direction is observed (but {110} facets are now dominating), while the InP 
shell thickness in the <110> directions becomes even thinner. Moreover, InP shell has 
difficulties to grow smoothly on every NWs.  
 
Figure 5.9: Cross sectional TEM images of GaAs0.56Sb0.44/InP NWs at variant InP 
shell growth conditions: (a) 525 °C, V/III=2000, (b) 550 °C, V/III=1000, double 
precursor flow (TMIn and PH3) compared with the standard InP shell growth 
condition. The dotted white line is a guide to the eye of the boundary between the 
core and shell. 
In Figure 5.2, it was shown that higher growth temperature is not helpful in 
overcoming the nucleation barrier in the <112>A directions but instead increases the 
growth rate along the other crystallographic directions, leading to faster formation of 
triangular shape. In addition to the V/III ratio and growth temperature, precursor flow 
is doubled since changing the precursor flows is an effective approach to alter the 
local supersaturation and thus has potential to facilitate InP shell growth along the 
A-polar <112> direction. Again, the NW shows a triangular cross sectional shape with 
{112}A facets, as shown in Figure 5.9b. It is noted that a thin layer of InP (~3 nm) is 
formed along the <112>A direction, which has also been observed in some of the 
NWs where InP shell is grown for 40 min at standard conditions. The failure to 
stabilize the {110} or {112}B facets in GaAs1-xSbx/InP core/shell NWs, in all our 
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growth attempts over a broad range of shell growth conditions, strongly suggests that 
the surfactant effect of Sb in forming {112}A-terminated InP shell is too dominant to 
be overcome within the standard accessible growth parameter space.  
5.4.5 Summary of the Sb surfactant role 
Based on the above analysis, InP shell growth in the presence of Sb behaves as 
follows. Sb atoms are adsorbed on the side facets of NW and form a floating 
(surfactant) layer. The surface energy and related thermodynamic driving force for 
shell growth are strongly reduced [26]. The reduction is facet and polarity dependent, 
leading to the selective growth of InP shell. In the presence of Sb surfactant, the 
surface energy sequence under various InP shell growth conditions has been altered as: 
. The lowest surface energy of {112}A facets is probably due to 
the presence of Ga (or In) dangling bonds (see Figure 5.7c) which allows easier 
capture of Sb adatoms by forming Ga-Sb (In-Sb) chemical bonds. Moreover, the 
floating Sb layer on the surface could block the nucleation sites and prohibit P and In 
atoms from nucleating [26, 30]. At the beginning of InP shell growth, In and P 
adatoms could not form an InP nucleus on the {112}A surface but re-evaporate or 
migrate to the surrounding {110}/{112}B surface where nucleation rate is much faster. 
As a nearly triangular shape is formed, the adatom diffusion process is minimized and 
InP nucleation on the {112}A facets becomes possible but very slowly (see Figure 
5.9b).  
In addition to Sb, there exist other surfactants which can substantially reduce the 
surface energy and suppress the crystal growth in certain growth directions. As a 
consequence, formation of triangular {112}A side facets may not be unique to this 
NW material system only. Indeed, Sn was reported very recently to stabilize {112}A 
side facets during the Sn-seeded GaAs NW growth [14]. When the droplet/vapour and 
droplet/NW interfaces are taken into consideration, Sb has been shown to drastically 
narrow the growth windows for Sb-containing III-V NWs, making them extremely 
challenging to grow long and with small diameters [18, 30-32]. Though the surfactant 
{112}A {110} {112}B   
Chapter 5: Antimony induced {112}A facetted triangular GaAs1-xSbx/InP core/shell nanowires and their enhanced 
optical qualities 
102 
 
properties caused by different elements, such as Sn, Sb and Zn, are general in all cases 
the interface energies could be affected by other parameters as well, such as the 
semiconductor material system, crystal facet and crystal structure. For instance, Sn is 
reported to stabilize {111} side facets during the InP shell growth [29] instead of 
{112}A facets induced by Sb found in this work. Therefore, the surfactant role of Sb 
in forming triangular morphology could be only limited to GaAs1-xSbx/InP NW 
system. The Sb surfactant has different influences even in other Sb-related III-V NWs, 
such as in GaSb/InAsSb core/shell NWs which show a hexagonal cross-sectional 
shape bounded by {110} side facets [33].  
5.5 Superior optical qualities 
5.5.1 NW luminescence and IQE characterized by power-dependent PL and CL 
After extensively discussing the structural and morphological evolution of the 
core/shell NW structure and its formation mechanisms, the optical qualities of these 
semiconductor NWs are characterized and compared in this section. The comparison 
of the PL emission at room temperature on single NW between core and core/shell 
structure is presented in Figure 5.10. Core-only NWs with two different Sb contents 
are taken into consideration: GaAs0.71Sb0.29 and GaAs0.56Sb0.44. Independent of their 
Sb composition, the GaAs1-xSbx core-only NWs show a noisy, low intensity PL signal, 
which implies a high surface recombination velocity of the core only NWs. In 
comparison, a strong PL emission of the NWs passivated with InP shell is observed in 
the near infra-red range, peaking at wavelengths interesting for optical 
telecommunication (1.32 and 1.48 µm, respectively). Quantitatively, the integrated PL 
emission intensity of both core/shell NW samples is enhanced over 100 times 
compared with the core only NWs for the most measured samples. Note that this 
significantly improved PL emission is obtained even for an incomplete passivation of 
the core surface (since the shell does not cover the <112>A apices of the core NW), 
which indicates the superior optical emission of the GaAs1-xSbx/InP core/shell NWs 
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could be even further improved if the core was fully covered with InP shell. However, 
full coverage of the sidewalls is challenging, in view of many unsuccessful attempts 
for tuning the shell morphology under different growth conditions, as discussed above. 
In addition to the emission intensity, a red-shift of the central emission energy (by 
about 37 meV) for GaAs0.71Sb0.29/InP NW is noted, with respect to that of the core 
only NWs. This effect is attributed to the tensile strain imposed on the core as 
confirmed by strain mapping shown in Figure 5.6b. This strain-induced PL emission 
shift is shell thickness-dependent and can be utilised to tailor the PL emission 
wavelength. For GaAs1-xSbx core with larger Sb composition (x=0.44), a slight blue 
shift of the PL emission for the core/shell structure is observed compared with the 
core only NWs, which could be caused by a reduction of the Sb content in the core 
during the shell growth due to inter-diffusion occurring during the shell growth. 
 
Figure 5.10: Room temperature PL data of GaAs1-xSbx/InP core/shell NWs. (a) 
Comparison of the PL emission of the core only and core/shell NWs with two Sb 
compositions: GaAs0.71Sb0.29 and GaAs0.56Sb0.44. The PL intensities of the core only 
NWs are amplified 10 times for visibility. (b) Power dependent PL results of 
GaAs0.71Sb0.29/InP. A slight blue shift is observed with excitation power. Inset is a 
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false colour emission intensity map for the power dependent PL results. The units for 
the excitation power are in mW. (c) Comparison of the measured and calculated peak 
PL position for type-I bandgap alignment as a function of excitation power. The 
agreement between fitting and experimental results indicates that the band alignment 
between the core and shell is type-I. (d) Fitted normalized integrated intensity with 
excitation power and extracted quantum efficiency of GaAs0.71Sb0.29/InP NWs 
obtained from the power dependent PL spectrum in (b).  
Power-dependent PL experiments on the GaAs0.71Sb0.29/InP core/shell NW sample 
have been performed to get insight into the band alignment between core and shell, as 
well as to evaluate the internal quantum efficiency (IQE). The obtained results are 
shown in Figure 5.10b. Varying the excitation power from 20 to 1450 µW only leads 
to a 13 meV blue-shift of the emission energy. This slight blue-shift is most likely 
caused by the band filling effect at high excitation power, known as the 
Burstein-Moss (BM) effect [34]. The BM effect induced blue shift as excitation power 
can be written in a simplified form as: 
 Eg=Eg0+A×P
2/3                                                     (5-1) 
Where Eg, Eg0, A and P are the emission energy, the bandgap of semiconductor, 
the fitting parameter and the excitation power intensity. The fitted emission energy 
using equation 5-1 agrees well with the measured results (Figure 5.10c), which 
suggests that the photo-excited electrons and holes are both confined in the core. 
These results clearly show that the blue shift of spectrum is due to band filling in the 
core (BM effect) and the band alignment between GaAs0.71Sb0.29 core and InP shell is 
type I.  
IQE and carrier lifetime are two quantitative parameters that can be used to assess 
the optical qualities of the semiconductor NWs [35]. The IQE of the NWs can be 
determined by fitting the integrated PL emission as a function of excitation power 
intensity through an approach proposed by Yoo et al. [36]. Using the original 
Chapter 5: Antimony induced {112}A facetted triangular GaAs1-xSbx/InP core/shell nanowires and their enhanced 
optical qualities 
105 
 
power-dependent PL results in Figure 5.10b, the normalized integrated PL intensity is 
well fitted and presented in Figure 5.10d together with the extracted IQE. The 
core/shell NWs present a high IQE, reaching as high as 18% at low excitation power 
(24 µW) and increasing quickly to 56% at 560 µW. The obtained high IQE and strong 
PL emission of the core/shell NWs indicates that the InP shell acts as electron and 
hole barrier for the GaAs1-xSbx core and also as an efficient surface passivation layer. 
The superior optical performance of the core/shell NWs makes it a highly suitable 
candidate for applications in the near infrared range and telecommunications field. 
Because the InGaAs photodetector used to collect the data here is not sensitive 
enough in the longer wavelength region, the PL intensity and spectrum over 1500 nm 
cannot be accurately determined during power dependent PL experiment, making the 
integrated PL intensity and extracted IQE inaccurate. Therefore the IQE calculation 
was not performed for the core/shell NW sample with higher Sb content (x=0.44). 
Nevertheless, since the PL emission GaAs1-xSbx/InP NW at x=0.29 and 0.44 have 
similar intensity, it is believed that the IQE of GaAs0.56Sb0.44/InP NWs is also 
relatively high.  
The core/shell NW length is not long enough to perform PL mapping. The PL 
spectrum is obtained from the whole NW. To investigate the emission distribution in 
the NW, CL experiments are performed on the core/shell NWs and the emission 
intensity distribution is shown in Figure 5.11. From the SEM image (Figure 5.11a) of 
the transferred NW, the bottom GaAs stem is not observed indicating that NW break 
above the GaAs stem. The CL emission intensity is much stronger at the base of the 
core/shell NW and gradually decreases along the NW from bottom to top. This 
intensity distribution could originate from the tapered shape of the NW. In addition, it 
is found that the CL emission is mostly confined in the core, further confirming that 
the core/shell heterostructure actually forms a type I band alignment. 
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Figure 5.11: Panchromatic CL image of a GaAs0.71Sb0.29/InP core-shell NW. (a) SEM 
image (b) overlay of CL emission intensity and the SEM image, showing strong 
emission from the NW base.  
5.5.2 Carrier lifetime determined from Rayleigh scattering measurements 
The strong enhancement of the PL emission in the core/shell NWs suggests a 
dramatic reduction of non-radiative recombination at the surface and an increase of 
minority carrier lifetime. TRS spectroscopy has recently been proven to be a powerful 
technique in measuring the band structure, carrier thermalization dynamics and carrier 
lifetime in single NW [4-6]. The change of polarized Rayleigh scattering efficiency 
( ) is defined as: 
                           (5-2) 
where  ( ) is the back-reflected Rayleigh scattering of the NW with 
incident light polarized parallel (perpendicular) to the NW. Polarized Rayleigh 
scattering with and without photo-excited carriers is measured by the scattering of a 
delayed fast probe pulse which has an adjustable wavelength from 950-1550 nm. The 
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obtained spectral map of probe energy at 10 K is plotted as a function of decay time 
and presented in Figure 5.12a and 5.12b for GaAs0.71Sb0.29 core and core/shell NW, 
respectively. The false colour scale represents the intensity of  with red (blue) 
representing the positive (negative) changes of the Rayleigh scattering efficiency. As 
expected from the PL measurement results, the passivation effect of InP is clearly 
apparent. After 1000 ps, the signal for Rayleigh scattering is still detectable for 
core/shell NWs while Rayleigh scattering is hardly seen after only 50 ps in the 
GaAs0.71Sb0.29 NW sample. To compare the carrier lifetime, TRS spectra as a function 
of decay time of core and core/shell NWs are obtained at both 300 and 10 K by fixing 
the probe energy on the lower energy side (~65 meV lower) of the spectrum, 
guaranteeing that the TRS signal intensity is directly proportional to the carrier 
density. For GaAs0.71Sb0.29 core only NWs, the carrier lifetime is system limited 
(below 25 ps) at both 10 K and room temperature, as shown in Figure 5.12c, which 
indicates a strong non-radiative SRV of the GaAs1-xSbx core. After forming the 
core/shell structure, carrier lifetimes are significantly enhanced to ~800 and ~ 100 ps 
at 10 and 300 K, respectively. Based on the extracted carrier lifetime and supposing 
that these lifetimes are determined by non-radiative recombination at the interface, the 
upper limit of SRV (Smax) can be extracted by the equation [37]:  
1/τnr=4Smax/d                                   (5-3) 
Where d and τnr are the diameter of the NW and the non-radiative carrier lifetime, 
respectively. The average diameter of the tapered NWs is taken as ~100 nm. Then 
Smax of the GaAs0.71Sb0.29 core NW at 10 K is ~100,000 cm/s. After InP passivation, 
Smax dramatically decreases to ~3000 cm/s which is comparable to that of the 
well-established GaAs/AlGaAs NWs [37]. These results undoubtedly proved that InP 
shell has effectively reduced the density of surface state traps from the GaAs1-xSbx 
core, in good agreement with the strong increase in PL efficiency shown previously in 
Figure 5.10d.  
' '/dR R
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Figure 5.12: Rayleigh scattering results comparison between GaAs0.71Sb0.29 core and 
core/shell NWs. False colour mapping of  results as a function of decay time 
and probe wavelength at 10 K: (a) core only NW, (b) GaAs0.71Sb0.29/InP core/shell 
NW. (c) The extracted time decay of polarized scattering at both 10 and 300 K, 
, on the low energy side of the bandgap energy. (d) Energy dependence of the 
polarized scattering efficiency at late delay times for determination of band gap. Red 
curve in (c-d) represents data for GaAs0.71Sb0.29 core only NWs while green curve 
represents data for GaAs0.71Sb0.29/InP core/shell NWs. 
In addition to the carrier lifetime, bandgap of the semiconductor NWs can be 
determined from the TRS measurements. By keeping the delay time at 1000 ps and 
making the carrier density extremely low, the band-to-band transition position 
represents the zero crossing point in the  spectrum as a function of probe 
energy, as shown in Figure 5.12d [4]. By fitting the  spectrum using a 
Lorentz oscillator deduced dielectric function [4], the band gap of core-only 
GaAs0.71Sb0.29 NWs is measured to be 1.07 and 0.99 eV at 10 and 300 K, respectively. 
The bandgap measured by TRS and PL results agrees well with each other. After InP 
' 'd /R R
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shell passivation, the bandgap energy of the NW is red shifted to 0.98 and 0.95 eV at 
10 and 300 K, respectively, which is also consistent with the observed PL results 
(Figure 5.10a) and is due to the tensile strain imposed on the core.  
5.6 Conclusions 
In this chapter, we demonstrated successful synthesis and an understanding of 
coherent twin-free ZB GaAs1-xSbx/InP core/shell NWs. The surfactant role of Sb is 
demonstrated to strongly affect the shape and polarity of the InP shell, forming a 
triangular cross sectional shape with A-polar {112} side facets by inhibiting InP shell 
growth along the <112>A direction. These results indicate that surfactant treatment is 
an effective way to engineer the facets of III-V NWs. Exploration of the influence of 
surfactants in radial growth but also in axial growth is thought to be highly promising 
in unlocking new geometries and properties. Indeed, as shown and discussed in the 
next chapter, the surfactant properties of Sb can also enable a new degree of freedom 
in polarity selection along the axial direction. The findings about the Sb surfactant 
induced triangular geometry may have several potential applications. First, the slower 
growth rate in the presence of a surfactant is helpful in accurately controlling the 
quantum well thickness in NWs. Secondly, the obtained specific shapes and facets, for 
instance a triangular shape with {112}A facets, can be treated as a template for 
selective growth of quantum dots and quantum wells/wires. Moreover, the cross 
sectional shape of a NW affects the confinement and polarization of the optical modes 
supported. So far the majority of studies have used circular and hexagonally shaped 
NWs for fabricating devices. The triangular shaped NWs provide a new avenue for 
engineering the growth modes and thus tailoring the optical properties, such as 
absorption and polarisation of emission. For example by coating the triangular shaped 
NW with metal, for which the triangular shape of the NW will have some notable 
advantages in fabricating plasmonic cavities [38, 39].  
In terms of optical quality, the GaAs1-xSbx/InP core/shell NWs show strong photo 
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emission between 1.3 and 1.5 µm even at room temperature. In addition, the NWs 
have an excellent IQE of 56% with carrier lifetime of ~100 ps (300 K) and ~800 ps 
(10 K), making them promising for device applications in the near-infrared range and 
telecommunications field.  
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Chapter 6: Polarity driven growth of GaAs and extension to 
GaAs1-xSbx ternary nanowires 
6.1 Introduction 
Polarity is a fundamental property of compound semiconductors, which could in 
principle be controlled in nanowires by growth conditions and seed particle 
engineering, but has not been achieved in standard III-V nanowires until now. Crystal 
polarity matters both when considering the growth axis and the radial directions. In 
the radial direction, polarity was shown to alter the radial composition homogeneity 
during the growth of ternary alloys [1-4]. Differences in polar side facets, such as 
{112}A and {112}B, can alter nucleation and growth of the shell materials drastically. 
Interestingly, using the composition inhomogeneity caused by this effect, high quality 
quantum dots have been grown on the facets of these nanowires [5]. In the axial 
direction, there are only very few reports in the literature about growing nanowires 
“naturally” in the <111>A polarity. An uncontrolled and low percentage of pure ZB 
<111>A polar gold-seeded GaAs nanowires were observed by Wacaser et al. a decade 
ago [6], irregular and defective self-nucleated GaAs nanowires were achieved quite 
recently [7], triangular tapered InAs nanowires were obtained by using the alternative 
Pd metal as seeds [8]. Until now, only selective-area grown InP nanowires were 
experimentally found to strongly prefer growth along the <111>A direction [9]. Still 
polarity is a relatively unexplored parameter in tuning nanowires growth in standard 
III-V nanowires (GaAs,InP, InAs, GaP, GaSb, InSb). There is no theoretical work 
providing any insights into the understanding of nanowires growth along the <111>A 
polar direction. In chapter 4, it is shown that GaAs1-xSbx nanowires are difficult to 
grow in the <111>B polar direction which is ascribed to the surfactant property of Sb. 
However, Sb can also be used as a surfactant to tailor nanowire growth in [111]A 
polar direction and this is the topic of the chapter. 
In the next section, I briefly explain the experimental details used in this chapter. 
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In the section 6.3, I show the importance of Au wetting angle on (111)A substrates in 
affecting the nanowire nucleation. Increasing the Au wetting angle on (111)A 
substrates by catalyst engineering using either Sb or Ga is able to allow GaAs 
nanowires growing in the [111]A polar direction (A-polar nanowires). The successful 
growth of A-polar nanowires provides an ideal platform to deepen our understanding 
of nanowires growth. In the section 6.4, the polarity driven growth difference between 
A- and B-polar GaAs nanowires are compared and analysed, including growth rate, 
tapering and crystal structure. A-polar nanowires grow less tapered, faster and totally 
free of planar defects perpendicular to the growth direction. In the section 6.5, 
nanowire kinking from [111]A to [111]B growth direction is carefully studied, 
revealing the role of interface energy in controlling kinking. Based on this 
understanding, “boomerang”-like GaAs nanowires with both A and B polarities are 
obtained with nearly taper-free morphology and entirely free of structural defects. In 
the section 6.6, A-polar nanowires growth is extended to GaAs1-xSbx ternary 
nanowires. Superior crystal quality and highly uniform A-polar GaAs1-xSbx nanowire 
arrays are fabricated over a large range of growth parameter space where the B-polar 
nanowire counterparts have failed.  
6.2 Experimental conditions 
Au-functionalized GaAs (111)A and GaAs (111)B substrate pieces were loaded 
into the reactor at the same time. Sb pre-deposition was carried out by exposing the 
Au-decorated GaAs substrate pieces to a combination flow of TMSb (TMSb mole 
flow rate of 1.2×10-5 mol/min) and AsH3 for 1 min just before initiating the nanowire 
growth. Then GaAs nanowires growth was commenced by switching on the TMGa 
flow to the reactor and simultaneously turning off the TMSb flow. Preloading Ga in 
the Au catalysts was performed by turning on (off) TMGa (AsH3) flow for 30 s. Then 
nanowire growth was triggered by switching on AsH3 flow. The standard precursor 
flows for the GaAs nanowire growth were 9×10-6 and 2.07×10-4 mol/min for TMGa 
and AsH3, respectively, giving a nominal V/III ratio of 23. Growth temperature was 
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varied between 400 and 500 ̊C. After growth, nanowires were cooled down without 
AsH3 flow. 
For GaAs1-xSbx nanowire arrays, the growth temperature, T was 500 ºC. For 
GaAs/AlGaAs core/shell structure, the AlGaAs shell is grown at 750 °C with an 
Al/(Al+Ga) ratio of 50% in the vapour [10]. 
6.3 Effect of Au wetting angle on GaAs (111)A substrates 
The polar <111>B directions are by far the most common epitaxial orientation 
used for Au-nucleated GaAs nanowires thanks to its small surface energy (called 
B-polar GaAs nanowires in the following). If nothing special is applied, GaAs 
nanowires are unlikely to grow vertically along the [111]A direction (A-polar GaAs 
nanowires) but instead grow inclined to the GaAs (111)A substrate, as illustrated in 
Figure 6.1a at a growth temperature of 420 C. On the GaAs (111)A substrate, there 
are three equivalent <111>B directions and they are all inclined to the substrate. From 
the top view, these <111>B directions are parallel, 60° or 120° with respect to the 
cleaved edge, as shown in the schematic in Figure 6.1b. All these inclined nanowires 
are parallel to these directions, showing the actual growth direction of these inclined 
nanowires is <111>B, which agrees with the fact that <111>B direction is the most 
favourable growth direction of GaAs nanowires.  
 
Figure 6.1: 45° tilted (a) and top view (b) of the nanowires grown on a GaAs 
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(111)A substrate. The projection of three <111>B directions on GaAs (111)A substrate 
are shown by the schematic. The projection of inclined nanowires and the <111>B 
directions are the same, indicating that the growth directions of the nanowires are 
actually <111>B.  
From Figure 6.1a, even though the majority of nanowires chooses the <111>B 
direction, the observation of vertical nanowires suggests that the limitation for the 
GaAs nanowires to grow vertically is not directly related to the growth conditions but 
nanowire nucleation difficulties on the (111)A substrate. To reveal the nucleation 
process, after annealing with AsH3 flow for 2 min, Au functionalized substrates are 
immediately cooled down before nanowire growth. In Chapter 4, it has been shown 
that the wetting configuration is not significantly affected during the cool down 
process. Thus it is reasonable to assume that the wetting configuration of Au catalysts 
before nanowire nucleation can be revealed through this process. The comparison of 
Au wetting angle on the (111)A and (111)B surfaces is compared in Figure 6.2a-b. 
After annealing at 500 ºC, Au particles tend to wet the GaAs (111)A substrate, leading 
to a flat morphology and small wetting angle. Small wetting angle is unfavourable for 
nanowire growth and island nucleation could happen [11], leading to nanowires 
crawling on the surface of the substrate or kinking [12]. Consequently, the vast 
majority of A-polar nanowire growth fails to grow vertically. Instead, most nanowires 
grow along the surface of the substrate or inclined to [111]B direction, as shown in 
Figure 6.2c. On the other hand, the Au seeds present a large wetting angle (~90°) on 
the (111)B substrate (see Figure 6.2b), leading to easy growth of B-polar GaAs 
nanowires, as illustrated in Figure 6.2d. From the comparison of wetting configuration 
and the resulting nanowire growth, it is concluded that the small Au wetting angle on 
the (111)A substrate is the cause for the failure of A-polar nanowire growth. 
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Figure 6.2: Au wetting configuration on (111)A (a) and (111)B (b) GaAs substrates 
after annealing at 500 °C. (c-d) Corresponding morphology of nanowires with wetting 
configurations shown in (a-b). Scale bars are 100 nm for (a-b) and 1 μm for (c-d). 
When the annealing temperature is reduced to 420 ºC, the Au wetting angle on the 
(111)A substrate increases to 75° even without any catalyst treatment (see Figure 
6.3a). As a result, a reasonably large proportion of vertical A-polar nanowires could 
be seen in Figure 6.3d. The Au wetting configuration on the (111)A substrate is 
determined by the Young’s equation and could be adjusted by introducing a surfactant 
or changing the constituents of the catalyst. It is found that preloading the Au particles 
with Sb can change the balance of surface energies and further increases the Au 
wetting angle to a value more suitable for nanowire growth (see Figure 6.3b). This 
significantly improves the vertical yield of A-polar GaAs nanowires (see Figure 6.3e). 
In addition to Sb surfactant, increasing the Ga content in the Au particles by 
preloading Ga flow for 30 s is also able to improve the Au wetting angle (see Figure 
6.3c) and largely boost the yield of A-polar nanowires (see Figure 6.3f). 
The above results show importance of catalyst engineering in controlling the 
polarity of nanowires and the nanowire growth directions, similar to previous reports 
[13, 14]. GaAs (111)A surface usually shows a relatively large surface energy under 
AsH3 rich conditions. Au catalysts then tend to wet the (111)A surface and form a 
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small wetting angle, which leads to island nucleation for nanowire crawling instead of 
layer nucleation for vertical nanowires. Therefore, it is the small wetting angle that 
inhibits the formation of vertical nanowires on GaAs (111)A substrates. Maintaining a 
large Au wetting angle on (111)A substrates is pivotal in determining the success of 
A-polar nanowire growth, which could be achieved by catalyst engineering. The Ga 
content and surface energy are two basic properties of the Au seed that can be 
manipulated. Pre-flowing TMSb most likely alter the surface energy of the Au seeds 
on the substrates thanks to the well-known surfactant effect of Sb [15] while 
pre-flowing TMGa increases the Ga content in the Au catalysts. Both methods are 
capable of increasing the Au wetting angle, reducing the possibilities of island 
nucleation and enhancing the growth of A-polar GaAs nanowires on GaAs (111)A 
substrates.  
 
Figure 6.3: Au wetting configuration on the GaAs (111)A at 420 °C annealing: (a) 
with only AsH3 flow; (b) with AsH3+TMSb flow for 1 min (TMSb treatment); (c) 
TMGa flow for 30 s (TMGa treatment). Insets show a magnified morphology of the 
Au catalyst. (d-f) are the corresponding morphology of the nanowires grown under 
the wetting configuration in (a-c). The growth conditions for these nanowires in (d-f) 
are the same. Scale bars are 100 nm for the insets in (a-c) and 4 μm for (d-f). 
The vertical A-polar GaAs nanowires in Figure 6.3 (either achieved by 
pre-flowing TMGa or TMSb) have a pure ZB structure without planar defects 
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perpendicular the growth direction (see Figure 6.4a), except for the occasional 
inclined twin in the {111}B plane (density well below 0.17/μm).  
 
Figure 6.4: (a) Typical TEM image of A-polar GaAs nanowire viewed along the [1-10] 
zone axis, showing a pure ZB structure. (b) Atomically resolved STEM image 
confirming the (111)A polarity of nanowire. The figure on the right hand side of (b) is 
the line intensity scan across the Ga-As dumbbell. (c-d) Atomically resolved STEM 
image at the Au-nanowire interface showing the final layer in the Au seed is 
terminated with Ga atoms. (e) Atomic resolution EDX line scan results along a Ga-As 
dumbbell. Red arrows in (a) and (b) indicate the growth direction of nanowires. Scale 
bar in (a) is 100 nm. 
The polarity of nanowire is confirmed to be (111)A by atomically resolved 
HAADF image showing the Ga-As dumbbell, as shown in Figure 6.4b. Under 
HAADF imaging mode, the signal intensity is directly proportional to the atomic 
weight. A typical intensity line profile over three pairs of Ga-As dumbbells in Figure 
6.4c reveals a consistent intensity difference. The distance between the Ga and As 
atoms in the dumbbell is 1.4 Å, agreeing well with reported value [16]. As atoms are 
slightly heavier than Ga atoms, thus the atoms with higher intensity are resolved to be 
As [16]. Therefore, Ga atoms are measured to be the terminating layer of the 
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dumbbell. Consequently, the polarity of the vertical nanowires is unambiguously 
determined to be (111)A. Furthermore, this polarity preference is preserved all the 
way until the final layer under the Au catalyst (see Figure 6.4c-d). In addition, an 
atomically resolved EDX line scan in Figure 6.4e further confirms that the Ga-As 
dumbbell is terminated by Ga atoms. No Sb signal is found either in the GaAs 
nanowire or in the Au catalyst after nanowire growth according to the EDX 
measurement results, indicating that the Sb pre-loading treatment only affects the 
early stage of nanowire growth.  
The above results indicate that a dedicated adjustment of the Au catalyst is 
required to force the GaAs nanowires to grow along the [111]A direction. Even 
though catalyst engineering by preloading Sb flow is able to enhance the growth of 
A-polar GaAs nanowires, successful growth of A-polar nanowires also depends on the 
growth conditions and even the size of Au particles, as illustrated in Figure 6.5. As the 
growth temperature is increased to 450 ºC, the majority of nanowires grown using 100 
nm Au colloids grow along surface of the substrate instead of growing vertically. In 
comparison, most nanowires with smaller diameter (30 nm Au) could still grow along 
the [111]A direction. When temperature is increased to 500 ºC, most of the larger 
diameter nanowires stop growing vertically and some are even buried by layer growth. 
Thus the nanowire density drops and some Au particles could be seen on the substrate. 
Small diameter nanowires can grow in the A-polar direction at the initial stage, but 
kink to either <111>B or <112> direction later. These results suggest that higher 
growth temperatures are not beneficial for A-polar GaAs nanowire growth. The 
significant diameter dependent growth of A-polar nanowires is suspected to be a result 
of larger wetting angle for smaller droplet sizes [17], since a large wetting angle on 
the substrate is the key to successful growth of A-polar GaAs nanowires, as discussed 
above. 
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Figure 6.5: SEM images of GaAs nanowires grown on (111)A substrates at different 
growth temperatures. Sb surfactant treatment was performed for 1 min before 
nanowire growth for all the samples. Images of the top row are for samples with 30 
nm Au particles while the images below are nanowires for 100 nm Au particles. Scale 
bars are 1μm. 
6.4 Polarity driven growth differences between A- and B-polar GaAs 
nanowires. 
The ability to grow GaAs nanowires with both (111)A and (111)B polarities in the 
same run provides an ideal platform for studying the nanowire growth mechanism, 
since the growth conditions for A- and B- polar nanowires are the same. Thus growth 
conditions can be excluded for any growth difference. Then, the growth difference can 
be only ascribed to the surface energy difference between (111)A and (111)B  
liquid-solid interface. 
The polarity induced nanowires growth rate difference is compared in Figure 6.6 
for nanowires grown at 420 °C and standard precursor flows. Normally A-polar GaAs 
nanowires grow faster, less tapered and with fewer defects than the B-polar nanowires 
(see Figure 6.6a), which agrees with a previous report [6]. This growth rate difference 
is also diameter dependent. Figure 6.6b compares nanowire length for different 
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diameters. The red curves represent growth without pre-loading Sb. It is found that 
B-polar nanowires are much shorter than their A-polar counterparts at all the 
investigated Au diameters. When the catalyst is treated with TMSb flow, something 
interesting is observed (blue curves in Figure 6.6b). The growth rate of A-polar 
nanowires stays similar while B-polar nanowires grow much faster and only slightly 
lower than the A-polar nanowires. The exact reason for this increase of growth rate for 
the B-polar nanowires after TMSb treatment is unknown. TMSb treatment is only 
applied to the Au catalysts before the nanowire nucleation and no Sb is found in the 
nanowire. Thus, it is suspected that the introduction of Sb not only reduces the 
nucleation barrier on the substrate but also the incorporation barrier of precursor 
molecules into the Au catalyst, leading to the increase of nanowire growth rate. There 
is no clear trend of growth rate difference as a function of nanowire diameter. B-polar 
nanowires grow even faster than the A-polar nanowires at a diameter of 30 nm after 
TMSb treatment. For all other diameters, B-polar nanowires grow slower. The trend 
that A-polar nanowires usually grow faster than their B-polar counterparts is valid at 
different growth temperatures, as shown in Figure 6.6c. 
 
Figure 6.6: Comparison of growth rate difference between A- and B- polar GaAs 
nanowires. (a) 45° tilted SEM image showing an example of length difference 
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between A- and B- polar nanowires. The size of the Au particles is 100 nm. (b) 
Diameter dependent growth rate difference at standard growth conditions at 420 °C. 
(c) Temperature dependent growth rate difference. The size of Au particles is 50 nm. 
Scale bar in (a) is 1 μm.  
The crystal structure difference between A- and B- polar GaAs nanowires is 
carefully compared and analysed in Figure 6.7. Figure 6.7a shows a typical crystal 
structure of A- and B-polar GaAs nanowires. A-polar GaAs nanowires show a ZB 
structure without any planar defects perpendicular to the growth direction. Moreover, 
no stacking faults or twin defects in the (111)A plane are found for the A-polar 
nanowires grown over a broad range of growth conditions, including different V/III 
ratios, various precursors flow rates and different growth temperatures from 400 to 
500 ºC. On the other hand, twins and stacking faults are found in the (111)B plane for 
both A- and B-polar nanowires, leading to different defect geometries: inclined 
(perpendicular) to the growth direction in A-polar (B-polar) GaAs nanowire. An 
increase of inclined twin density is observed with growth temperature, starting from 
nearly 0 at 420 ºC to over 5 per micron at 500 ºC. B-polar GaAs nanowires, as 
expected, present a high density of twins in the (111)B plane at all the investigated 
conditions. In addition to crystal structure, Figure 6.7a shows that the wetting angle of 
Au droplet on top of A-polar nanowires is larger than that of the B-polar nanowires. 
During steady nanowire growth, wetting angle (β) is traditionally determined by the 
Young’s equation: . and  are the surface energy of 
liquid-vapour and liquid-solid interfaces. Usually  is considered linearly 
dependent on the Ga content in the Au seed, since As is non-detectable by EDX 
measurement. Ga content in the Au seed is measured to be independent of growth 
temperatures from 420 to 500 ºC and polarities of nanowires, staying around ~38 at.%, 
as shown in Figure 6.7b. The similar Ga content in the Au alloy suggests a similar 
 for all the investigated nanowires. As a result, the larger wetting angle of A-polar 
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nanowires indicates a larger liquid-solid interface energy, which means >
, agreeing with previous surface energy calculation results [18]. The Au wetting 
angle difference between the A- and B-polar nanowires is larger with increasing 
growth temperature, as demonstrated in Figure 6.7c. The wetting angle of A-polar 
nanowires remains fairly constant but reduces continuously for B-polar nanowires 
with increasing growth temperature. As discussed earlier, the change of wetting angle 
in this study is determined by , suggesting that the reduction in  with 
temperature is more significant than for . 
 
Figure 6.7: Polarity driven crystal structure difference between A- and B-polar GaAs 
nanowires. (a) Comparison of crystal structure between A- and B-polar GaAs 
nanowires grown at 475 ºC. (b) EDX point analysis of the Ga content in the Au 
catalyst after cooling down, showing no clear difference between both samples. (c) 
Wetting angle of the Au catalyst as a function of growth temperature. (d) Twin 
formation probability as a function of wetting angle. The pink region represents triple 
phase line (TPL) nucleation mode while the grey region means nucleation away from 
the triple phase boundary (centre nucleation). Solid curve is calculated twin formation 
probability taking into consideration of both TPL and centre nucleation modes while 
the dotted curve only consider nucleation at TPL. Scale bars in (a) are 50 nm. 
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Since both A- and B-polar GaAs nanowires are grown in the same run, all the 
growth conditions are the same except for the liquid-solid interface energy and its 
related wetting angle between these two samples. Thus, it is wetting angle difference 
that is postulated to be the reason for the formation of different crystal qualities. 
Based on the nucleation model proposed by F. Glas et al. [19], there exist two possible 
sites for nucleation process: the triple phase line (TPL) region (i) and the central 
region (centre nucleation mode), away from the TPL (ii), as illustrated in the 
schematic in Figure 6.7d. The criterion for the nucleation preference in vertical 
nanowires is determined by the sign of net surface energy (Δγ) in equation 2-2. 
If Δγ is negative, TPL nucleation is more energetically favourable. This condition 
is usually satisfied during nanowire growth and is demonstrated using in-situ TEM 
experiments [20, 21]. The probability of twin formation depends on the wetting angle. 
Considering nucleation happens at the TPL as illustrated in Figure 6.7d, the total 
change of Gibbs energy is written as [19, 22]:  
                 (6-1) 
where h, r, Ω, Δμ,  and Г are, respectively, the thickness of GaAs bilayer in the 
[111] direction, the radius of nucleus, the elementary volume of the GaAs, the 
chemical potential in the liquid phase, the formation energy of twin defects and the 
effective lateral surface energy.  is 0 for ZB nucleus and 0.023 J/m2 for WZ 
nucleus, which is half of the stacking faults energy in GaAs [23]. Г is the effective 
surface energy and is expressed as follows in vertical nanowires:  
               (6-2) 
x is the area fraction of the nucleus exposed to the precursor vapour. For a 
symmetric nucleus, x is chosen to be 1/6. Note that Г is different for WZ and ZB 
nucleus and will be denoted as ГWZ and ГZB. The critical radius of the nucleus ( ) is 
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determined by differentiating Equation 6-1: 
                           (6-3) 
                                              (6-4) 
The probability of forming ZB twin-free (PTF) and ZB twin (PTwin) nuclei is an 
exponential function of the nucleation barrier and also dependent on the wetting 
angle:  
                   (6-5) 
                              (6-6) 
For calculations, h is 0.3264 nm.  depends linearly on the Ga content. For 38 
at.% Ga content in the catalyst, is chosen as 1.04158 J/m2 [24, 25]. and  
are 0.6 and 1.543 (1.3) for ZB (WZ) nuclei, estimated from Dubrovskii [26].  is 
chosen as 0.1265 J/m2 in order to obtain a similar twin density as measured in B-polar 
GaAs nanowires. Figure 6.7d shows an example of twin formation probability as a 
function of wetting angle. The pink region represents the region where conditions for 
TPL nucleation are satisfied. It clearly shows twin formation probability drops with 
increasing wetting angle. Even though the twin formation probability is quite low at 
high wetting angles, there is still a possibility for the formation of twins. Thus, larger 
wetting angle of A-polar nanowire is only the partial but not the main reason for the 
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absence of planar defect formation perpendicular to the growth direction of A-polar 
GaAs nanowires under all the investigated conditions. 
Centre nucleation can be preferable provided equation 2-2 is positive. This 
requires β to be larger than θ+90̊, which is defined as the critical angle in Figure 6.7d 
(vertical dash line). It is noted that the criterion of nucleation preference has the same 
formula as Nebol’sin rule [27]. It argues that if the wetting angle of Au on the 
sidewall is smaller than that on top of the nanowire, there exists a force pulling the Au 
particle to move towards the sidewall. This is probably true for A-polar GaAs 
nanowires, since the observation of inclined twins demonstrates Au migration to the 
sidewall during nanowire growth [28-31]. Considering the large wetting angle and the 
formation of inclined twins, it is most likely that centre nucleation (represented by the 
grey region in Figure 6.7d) is the preferred nucleation mode for A-polar GaAs 
nanowires. Under centre nucleation mode, no twin formation is expected under any 
supersaturation condition [19], thereby explaining the absence of twins in the (111)A 
plane. In comparison, TPL nucleation is the adopted nucleation mode for B-polar 
GaAs nanowires growth at all the growth conditions investigated. A high density of 
twins is formed as a result.  
Since the nanowire nucleation rate depends on the available nucleation area which 
could be larger for centre nucleation than the TPL nucleation [26], A-polar GaAs 
nanowires subjected to centre nucleation growth mode can grow faster than their 
B-polar counterparts. The faster axial growth rate together with a reduced lateral 
growth rate due to the absence of planar defects lead to the less tapered morphology 
of A-polar nanowires [32]. 
6.5 Understanding and controlling the kinking mechanism 
In A-polar nanowires, inclined twins in the (111)B plane is the only observed 
planar defects. During nanowire growth, inclined twins are regarded as an indication 
for the high probability of nanowire kinking [28-31]. Nanowire kinking occurs in 
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A-polar GaAs nanowires while their B-polar nanowires remain straight. Thus detailed 
investigation of the inclined twins will deepen our understanding about nanowire 
growth, especially for controlling nanowire kinking. At a growth temperature of 500 
ºC, most A-polar nanowires kink to other directions after a defective segment, as 
illustrated in Figure 6.8a. 
 
Figure 6.8: Understanding of kinking to the <111>B direction in A-polar nanowires. 
(a) TEM and SEM images of a kinked nanowire grown on a GaAs (111)A substrate. 
The TEM image is taken along the [1-10] zone axis. Atomically resolved STEM 
images before kinking (b), after kinking (c) and at the kinked interface (d), 
corresponding to the colored boxes shown in (a). The schematic in (d) shows the Au 
configuration before and after nanowire kinking, while the inset in (d) highlights the 
inclined twin in the (111)B plane. (e) Calculated dimensionless surface energy of the 
Au particle as a function of wetting angle. Insets are different types of spatial 
configurations for the Au particle on A-polar GaAs nanowires after cooling down, 
which illustrates the process of Au moving from the top (111)A plane to an inclined 
(111)B facet. Scale bar in the inset of (d) is 1 nm. 
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The lower section of the nanowire grows along the [111]A direction, as confirmed 
by the HAADF image in Figure 6.8b. The density of inclined twins, as indicated by 
the red arrows in Figure 6.8a, is much higher than the nanowires grown at lower 
temperatures. The upper section of nanowire grows along the <111>B direction, 
forming a high density of twins (see Figure 6.8c). The interface between the A-polar 
section and kinked B-polar branch is highlighted in Figure 6.8d where a twin plane is 
observed. The inserted atomically resolved HAADF image confirms that the twin is in 
the (111)B plane. Below this inclined twin, <111>A is the dominant growth direction. 
Beyond this twin plane, the Au seed completely moves to the inclined (111)B facet 
and the nanowire starts growing along <111>B polar direction. This argument is 
further substantiated by the inset in Figure 6.8e, which captures the moment when the 
Au particle slips to the inclined {111}B plane. 
The dynamic movement of the Au seed is linked to the surface energies. As 
analyzed in Figure 6.7, GaAs {111}A has a larger interface energy than the {111}B 
surface under AsH3 rich conditions. Since both the density of inclined twins and 
wetting angle difference increase with growth temperature, it is suspected that the 
driving force for dynamic movement of Au is the interface energy difference ( -
) which can be determined from the wetting angle difference. To test this 
assumption, the Au seed and the Au-nanowire interface are considered as a system 
and its total surface energy is compared as a function of wetting angle. Several 
assumptions are made in order to simplify the surface energy calculation. Firstly, the 
Au seed is considered to have a perfect spherical cap shape. Secondly, nanowire 
diameter is not constant but is a function of the wetting angle. Thirdly, the volume of 
the catalyst is constant for both A- and B-polar nanowires, since the Au particles have 
the same size and the Ga contents are similar. Then the total surface energy (σ) of the 
Au catalyst can be written as: 
                            (6-7) 
111A
LS
111B
LS
2= r LS LVA   
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where r and A are the radius of nanowire and the surface area of the liquid-vapour 
interface, respectively. r and A can be expressed as a function of wetting angle: 
                (6-8) 
  (6-9) 
where V is the volume of the catalyst. .  
Inserting the above relationships into Equation 6-7, we obtain: 
 (6-10) 
Equation 6-10 can be re-written to be mono-dependent on the wetting angle: 
 (6-11) 
where  represents the dimensionless surface energy.  
Since  is the same for both A-polar and B-polar nanowires based on analysis 
in section 6.4, the surface energy of Au seed is mono-dependent on the wetting angle 
and the calculated results are presented in Figure 6.8e. The total surface energy first 
increases quickly as wetting angle becomes larger and then gradually saturates as 
wetting angle approaches to 180º. According to the above calculations, the Au catalyst 
in A-polar nanowires shows a larger surface energy thanks to its larger wetting angle 
than that of B-polar nanowires. Then, the wetting angle difference generates a driving 
force for the Au particle of A-polar nanowires to move to the inclined {111}B facet. 
The process of Au moving to the {111}B facet is demonstrated in the insets of Figure 
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6.8e. In addition, this wetting angle difference between A- and B-polar nanowires 
widens with increasing temperature (see Figure 6.7c), which makes this Au migration 
process easier, thereby explaining the higher density of inclined twins and a higher 
possibility of kinking at higher growth temperatures . 
The dynamic movement of Au could be a complex process during nanowire 
growth and results in different types of wetting configurations. At least three types of 
morphologies and structures are observed in this chapter. If the Au seed manages to 
re-pin on the top of the nanowire, vertical nanowires with inclined twins are expected. 
When Au completely moves to the inclined {111}B interface, nanowires kink to the 
<111>B direction. Otherwise if Au is pinned by two interfaces, GaAs nanowires will 
grow along the unusual <112> directions, as presented in Figure 6.9. 
 
Figure 6.9: (a) Nanowires grow vertically in the <111>A direction with the existence 
of inclined defects in the {111}B plane. (i) Au particle pins on the top of nanowire 
and the nanowire grows without planar defects; (ii) Au particle wets the inclined facet 
and forms an inclined fault as a consequence. (iii) Au particle re-pins on the top of 
nanowire and nanowire keeps growing vertically (iii). (b) Au particle totally moves to 
wet the inclined {111}B surface and leads to nanowire kinking along the <111>B 
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direction. (c) Au particle pins on two facets, leading to the formation of nanowire 
along the unusual [112] direction. The existence of inclined twin starting from the 
bottom to the top of nanowire is the key for the nanowire to grow along the [112] 
direction. The insets diffraction pattern and HRTEM image confirm the [112] growth 
direction of the kinked nanowire. The inset TEM image of the Au particle shows that 
Au particle forms two interfaces with the nanowire. All the TEM images are taken 
along the [1-10] zone axis. Scale bars are 50 nm in (a). White arrows in (a) and (b) 
indicate inclined defects. 
Based on the above analysis, kinking is a result of Au migration which could be 
controlled by tuning the Au wetting configuration. It is known that random nanowire 
kinking is usually accompanied with complex crystal defects, such as those shown in 
Figure 6.8, which degrade their electrical and optical properties [29-31]. As a result, 
nanowire kinking is usually undesirable in nanowires. On the other hand, if the 
nanowire kinking can be well-controlled, they could form a simple nanowire network 
and have some special applications, such as nanowire bio-sensor [33], FETs [34], 
photo-detectors [35] and quantum physics study [36]. For these applications, high 
quality and well-controlled kinked nanowires are needed, which are hardly studied in 
III-V nanowires. 
In the A-polar GaAs nanowires, controlled nanowire kinking is possible, since the 
Au particles have the potential of moving to the inclined (111)B surface. This process 
can be forced to happen by increasing the growth temperature which widens the 
surface energy difference gap between (111)A and (111)B according to the above 
analysis. This process offers the possibility of forming well-controlled kinked 
nanowires without planar defect formation, provided the Au migration does not 
nucleate defects and the following branch growth into a twin free structure. This 
hypothesis is demonstrated by growing kinked GaAs nanowires with uniform 
diameter and twin-free ZB structure based on the understanding gained in this chapter. 
To realize this particular nanowire structure, A-polar GaAs nanowires were first 
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grown with standard conditions at 420 ºC to guarantee a high yield of A-polar 
nanowires with minimal tapering and a twin-free ZB structure. Then, the nanowires 
were baked at 500 ºC for 5 min to allow the Au particles to move to the inclined 
{111}B facets. The large interface energy difference between  and  at 500 
ºC results in this transformation. Finally, B-polar GaAs branch was grown using a 
two-temperature growth conditions to produce a taper- and twin-free ZB GaAs branch 
[37]. As demonstrated in Figure 6.10, kinked nanowires with uniform diameter can be 
realized through this process. The kinked GaAs nanowires show both (111)A and 
(111)B polarities in a single GaAs nanowire. Both the bottom (111)A polar and the top 
(111)B polar segments are free of planar defects as expected. In addition, not even a 
single planar defect is found at the region where kinking occurs, as confirmed by the 
inset TEM image and the corresponding SADP. The success of well-controlled 
nanowire kinking proves the correctness of the explanation for nanowire kinking in 
the above section. In addition, this is the first demonstration of high crystal quality 
and well-reproduced kinked nanowires in III-V semiconductors. 
 
Figure 6.10: Controlled GaAs nanowire kinking with minimal tapering and perfect 
twin-free ZB structure. 
For A-polar GaAs nanowires, these ‘boomerang’-like nanowires with superior 
111A
LS
111B
LS
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crystal quality are quite interesting as they form a simple nano-network for 
optoelectronic applications, such as waveguide. To fulfil these applications, surface 
passivation of the GaAs core is required due to its large surface recombination 
velocity [38]. Passivating these ‘boomerang’-like nanowires by growing an AlGaAs 
shell is shown in Figure 6.11. 
 
Figure 6.11: GaAs/AlGaAs core/shell structure in the kinked nanowires. Low (a) and 
high (b) magnification SEM images of the core/shell structure. (c) TEM image at the 
kinked region showing a twin-free structure. (d) PL spectrum at room temperature 
along a kinked nanowire as shown in (e). (f) Panchromatic CL image of the core/shell 
nanowires. 
After AlGaAs shell growth, the bottom branch of the ‘boomerang’-like nanowires 
has a slightly inversed tapering with smaller diameter at the base, indicating less 
growth of AlGaAs shell. In addition there is more overgrowth at the kinked region, 
which is ascribed to a lower barrier for crystal nucleation, as shown in Figure 6.11a-b. 
This overgrowth does not cause any planar defects in the nanowires, as confirmed in 
Figure 6.11c. Typical μ-PL spectrum of the kinked core/shell nanowire at room 
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temperature is shown in Figure 6.11d. Strong PL emission of these core/shell 
nanowires is observed at room temperature. The emission intensity varies along the 
kinked nanowire despite its uniform morphology. The PL emission intensity is much 
higher at the bottom segment in Figure 6.11e while the top branch presents overall 
uniform but with lower intensity than the top segment. CL mapping results confirm 
that the strongest emission comes from the top of the (111)B polar segment (see 
Figure 6.11f). The weaker emission from the (111)A branch could be caused by a few 
monolayer of GaAs lateral growth during the top B-polar GaAs nanowire growth, 
which introduces impurities and harms the optical qualities.  
6.6 Vertical GaAs1-xSbx nanowires on the GaAs (111)A substrates. 
In the chapter 4, we have shown that GaAs1-xSbx nanowires are very challenging 
to grow on GaAs(111)B substrates. The surfactant role of Sb leads to a large Au 
wetting angle at high Sb flow, thereby narrowing the growth window of GaAs1-xSbx 
nanowires as a result. Based on the above analysis, if the Au wetting angle difference 
between A- and B-polar nanowires is small, A-polar nanowires growth can be 
stabilized. The large wetting angle of B-polar III-Sb nanowires suggests that 
Sb-related nanowires could in principle be grown along the <111>A direction. In 
addition, it is found that Sb could increase the Au wetting angle which is critical for 
nanowire nucleation on GaAs (111)A substrates and help the growth of A-polar GaAs 
nanowires, as demonstrated in section 6.3. Thus it is possible to extend binary GaAs 
nanowires to ternary GaAs1-xSbx nanowires on GaAs (111)A substrates. A comparison 
of GaAs1-xSbx nanowires growth on GaAs (111)A and (111)B substrates is shown in 
Figure 6.12. 
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Figure 6.12: SEM images of GaAs1-xSbx nanowires grown on GaAs (111)B (a) and 
GaAs (111)A (b) substrates. (c) The A-polar GaAs1-xSbx nanowires in (b) show high 
crystal quality with twin-free ZB structure. Scale bar in (c) is 1 µm. The AsH3, TMSb 
and TMGa flows for GaAs1-xSbx nanowires are 1.35×10
-5, 1.35×10-5 and 0.9×10-5 
mol/min, respectively. 
 GaAs1-xSbx nanowires growth on the (111)B substrate is unsuccessful under high 
TMSb flow, showing curved and kinked morphologies (see Figure 6.12a). On the 
other hand, many vertical GaAs1-xSbx nanowires are found on the (111)A GaAs 
substrate (see Figure 6.12b). Unlike the smooth (111)B surface, a rough layer is 
observed on the surface of (111)A substrate after nanowire growth. In addition, the 
nanowires have a dispersion of diameters and lengths, and lower density. Some Au 
particles are even found on the substrate without nucleating any nanowires, as 
indicated by the white arrow in Figure 6.12b. All the A-polar GaAs1-xSbx nanowires 
present a pure ZB structure without the formation of any twin defects, as shown in 
Figure 6.12c. Even the Au particle on the A-polar GaAs1-xSbx nanowires shows a large 
wetting angle, without any inclined twins or kinking, indicating that the dynamic 
migration of the Au seed to the inclined facet is inhibited. This could be due to the 
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large Au wetting angle on the (111)B surface and there is no driving force for this 
migration.  
The above results demonstrate that GaAs (111)A substrates could be an option for 
Au-nucleated GaAs1-xSbx nanowires. However, one limitation of growing GaAs1-xSbx 
nanowires on GaAs (111)A substrates is the non-uniformity of the nanowires. Small 
wetting angle of Au particles on (111)A substrates is known to result in the nanowires 
growing on the surface of substrate instead of vertically [12]. Vertical nanowire 
growth is then only possible when the crawling of the Au particles is blocked by a 
barrier [39] which is formed by bulk growth and distributed randomly on the substrate. 
Therefore, the resulting nanowires are non-uniform, with different lengths and smaller 
density. Under this growth mechanism, a pre-patterned SiOx mask can thus be used as 
an efficient way to increase the uniformity of A-polar nanowires, since the crawling of 
Au particles on the substrate is prevented. The nanowires then have no choice but to 
grow vertically.  
This assumption is conclusively demonstrated in Figure 6.13. GaAs1-xSbx 
nanowires grown on SiOx-patterned GaAs (111)B and bare GaAs (111)B substrates 
are both unsuccessful, showing curved and kinked nanowires with a high density of 
defects, as shown in Figure 6.13a and c, respectively. In comparison, GaAs1-xSbx 
nanowire array grows successfully in the <111>A direction with high uniformity on 
the SiOx patterned GaAs (111)A substrate (see Figure 6.13b), demonstrating the 
effectiveness of the proposed approach. SiOx mask is known to affect the diffusion 
length of adatoms and therefore alter the local growth conditions. However, these 
changes are believed not to be the main reason for successful growth of A-polar 
GaAs1-xSbx nanowire array, since nanowires grow unsuccessfully and randomly on the 
patterned GaAs (111)B substrate in the same run (see Figure 6.13a). In fact, the use of 
SiOx mask results in more adatoms diffusing into the Au catalysts, thus increasing the 
supersaturation and the growth rate of the nanowires. For pattern on (111)B substrate, 
the higher local concentration of Sb in Au make GaAs1-xSbx nanowire pattern even 
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more challenging to grow than those grown on bare (111)B substrate. On the other 
hand, this is not harmful for A-polar nanowire array growth. As expected, nanowires 
without SiOx mask grow randomly and much shorter than the nanowires with SiOx 
mask, as shown in Figure 6.13d. All the nanowires in Figure 6.13 were grown in the 
same run. 
 
Figure 6.13: Examples of successful A-polar GaAs1-xSbx nanowires array. 
Morphology of GaAs1-xSbx nanowires on SiOx-patterned GaAs (111)B substrate (a) 
and SiOx-patterned GaAs (111)A substrate (b), GaAs (111)B (c) and GaAs (111)A (d) 
substrates. The precursor flows of AsH3, TMSb and TMGa are 1.35×10
-5, 1.2×10-5 
and 0.9×10-5 mol/min, respectively. Scale bars are 1 μm.  
Indeed, growing A-polar GaAs1-xSbx nanowire array is not limited to specific 
growth conditions. Different growth temperatures, AsH3/TMGa ratios, TMSb/TMGa 
ratios and total precursor flow rates have been investigated in this work. For a large 
range of these growth parameters, excellent A-polar GaAs1-xSbx nanowires and 
nanowire arrays can be achieved, as illustrated in Figure 6.14. Thus it is highly 
believed [111]A orientation is a favourable growth condition for GaAs1-x Sbx 
nanowires. Secondly, the Sb content in the Au catalyst does not guarantee a high Sb 
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composition in the nanowire, further confirming the argument that the Sb content in 
the nanowire is determined by AsH3 flow instead of TMSb flow.  
 
Figure 6.14: SEM images showing the morphology of GaAs1-xSbx nanowires under 
different growth conditions. NWs grown with and without using SiOx mask pattern 
are compared in (a) and (b). The growth conditions in (a) and (b) are: T=500 ºC, 
TMGa molar flow is 1.2×10-5 mol/min, TMSb/TMGa = 1.33, AsH3/TMGa = 3. The 
nanowire arrays grow uniformly and successfully in the <111>A direction while their 
<111>B oriented array counterparts fail. (c-d) More examples of A-polar GaAs1-xSbx 
nanowire array at other growth conditions. Most GaAs1-xSbx nanowires can still grow 
successfully at much higher AsH3 flow (AsH3/TMGa =23) compared to (a), even 
though there are some non-vertical nanowires. Growth conditions in (d) are: growth 
temperature: T=520 ºC, TMGa molar fraction flow is 1×10-5 mol/min, 
TMSb/TMGa=0.9, AsH3/TMGa =1. A-polar GaAs1-xSbx nanowires grow with high 
uniformity under these conditions and have a pure twin free ZB structure. Scale bars 
are 1 µm for all the images in (a-c) and 2 µm in (d-e). 
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6.7 Summary 
The Au wetting angle on GaAs (111)A substrates is pivotal for A-polar nanowire 
growth. Without catalyst engineering, the small Au wetting angle due to the large 
surface energy of (111)A surface inhibits the nucleation of A-polar nanowires. 
Increasing the Au wetting angle on GaAs (111)A substrates promotes the A-polar 
nanowires growth, which can be achieved by either pre-loading the Au particles with 
Sb flow to alter the surface energy balance or increasing the Ga content in the Au 
particles. The polarity of A-polar nanowires is conclusively confirmed using spherical 
aberration-corrected HAADF analyses. The principle of catalyst engineering is not 
only limited in polarity control but in principle can be applied to tune other 
metal-seeded III-V nanowire growth.  
The realization of GaAs nanowire growth with both (111)A and (111)B polarities 
in the same run provides an ideal platform in understanding the nanowire growth 
process. The polarity differences inhibit the formation of planar defects perpendicular 
to the growth direction in A-polar GaAs nanowires over a broad range of growth 
conditions. Nucleation in A-polar nanowires is postulated to happen away from the 
standard triple phase boundary, thus inhibiting twin formation. A larger Au wetting 
angle for A-polar GaAs nanowires is observed and explained as a result of higher 
surface energy of the liquid-solid interface. The substantially reduced liquid-solid 
interface energy in B-polar nanowires with growth temperature further widens this 
wetting angle difference. This allows the Au seed to move more easily to the inclined 
{111}B facet as a result of energy minimization process. Depending on the Au 
wetting configuration, A-polar GaAs nanowires could form with different 
morphologies and structures, such as twin-free ZB vertical nanowires, vertical 
nanowires with inclined twins, kinked nanowires in the commonly observed <111>B 
and the unusual <112> directions. 
Interface energy difference plays a major role in affecting the preferred polarity 
during nanowire growth. The surfactant role of Sb is demonstrated to change the 
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surface energy balance and help GaAs nanowires grow in the [111]A direction. In 
addition, this special property of Sb also allows the formation of highly uniform 
A-polar GaAs1-xSbx nanowire arrays with pure ZB structure. By growing GaAs1-xSbx 
nanowires in the [111]A instead of the more commonly used [111]B orientation, high 
quality GaAs1-xSbx nanowires can be achieved with a broader growth window, 
offering more possibilities to tailor the nanowire properties. In addition, using these 
techniques, the polarity of other III-V nanowires could in principle be controlled.  
Well-controlled kinked GaAs nanowires with minimally tapered morphology and 
defect-free crystal structure are achieved. By growing an AlGaAs shell around these 
engineered kinked nanowires, strong PL emission can be observed at room 
temperature along the whole nanowire. These ‘boomerang’-like nanowires may have 
some novel applications, such as waveguides. 
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Chapter 7: Growth studies of GaAs1-xSbx quantum well 
nanowire tubes and their optical quality 
7.1 Introduction 
As stated in chapter 1, nanowires (NWs) have the advantages of forming lateral 
heterostructures, such as NW quantum well (QW) tube. Making use of the non-polar 
NW sidewall facets, GaN/InGaN QW NW tubes have been synthesized and 
demonstrated for LED and lasing applications [1, 2]. In non-nitride III-V 
semiconductor NWs, GaAs QW NW tubes have been well-studied [3] and applied for 
near infrared LED [4], ultrafast photodetector [5] and lasing applications [6]. 
However one disadvantage of the GaAs QW tube is the reabsorption of the emitted 
photon by the GaAs core, which largely reduces the photon emission efficiency. 
Instead, replacing GaAs QW with a lower bandgap semiconductor (either InGaAs or 
GaAsSb) can overcome this drawback. High quality GaAs/InGaAs/GaAs QW NWs 
have been grown and shown potential in optoelectronic applications [7, 8]. However, 
no attempts have been made to use GaAs1-xSbx. In addition, the lateral growth 
behaviour of GaAs1-xSbx has not been explored yet compared with their axial 
counterpart [8-13]. 
In this chapter, I investigate the growth of GaAs1-xSbx QW on GaAs core and 
evaluate the influence of QW growth parameters (lattice mismatch, growth 
temperature and etc.) on the structure and optical properties. Twin formation is 
observed in the GaAs core after the growth of lattice mismatched GaAs1-xSbx QW. For 
the first time, it is shown that strain at the NW interface not only causes dislocations 
in the shell but also results in twin formation in the core. This phenomenon is also 
valid in strained GaAs/InP core/shell NWs, thus is thought to be not restricted to a 
particular NW system, but should be valid in all lattice mismatched core/shell NWs. 
In GaAs1-xSbx QW NWs, the induced twin density is about 1-2 per micron, a 
concentration not high enough to degrade their optical properties. QW NW growth 
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was optimized and grown at 725 °C with an Sb content of 11%. These NWs present a 
single photoluminescence (PL) emission peak around 904 nm with full width at half 
maximum (FWHM) of 83 meV and minority carrier lifetime of 305 ps at room 
temperature. Cathodoluminescence (CL) spectroscopy mapping shows uniform photo 
emission of the QW NW. Moreover, strong resonant PL emission is observed thanks 
to the natural Fabry-Perot (F-P) cavity formed in the NW. According to hybrid 
spectral mapping results, amplified spontaneous emission (ASE) is generated at the 
NW ends while spontaneous emission (SE) is uniformly distributed along the NW. By 
comparing the experimentally measured and simulated polarization-dependent PL 
results, the periodic peaks in the luminescence spectra are determined to be transverse 
electric (TE) mode. The superior optical qualities of these NWs suggest a possibility 
in fabricating future low threshold GaAs1-xSbx QW NW laser. 
 7.2 Experimental details 
The first step in the growth of GaAs1-xSbx QW NWs is to form a non-tapered and 
ZB phase core GaAs NWs were first grown for 50 min using a two-temperature 
growth approach [14]. After that, growth temperature was raised for lateral growth, 
between 600~750 °C. After reaching the shell growth temperature, AlGaAs layer with 
Al/(Al+Ga) ratio of 50% in the vapour phase was grown for 1.5 min. The total V/III 
ratio was 103 and the TMGa flow was 0.734×10-5 mol/min. After AlGaAs layer 
growth, gas flow was immediately switched to GaAs1-xSbx QW growth for 3 min. 
Standard precursor flows for GaAs1-xSbx QW growth were as follows: TMGa flow 
was 1.2×10-5 mol/min. AsH3/TMGa and TMSb/TMSb ratios were 1 and 0.75, 
respectively. Then, AlGaAs barrier was grown again with the same growth conditions 
as that of the first barrier layer for 3 min. Finally, a thin GaAs capping layer was 
grown to avoid oxidation of the AlGaAs layer with TMGa flow of 1.62×10-5 mol/min 
and V/III ratio of 33. 
For PL and time-resolved PL (TRPL) measurements, NWs were transferred to a 
clean sapphire substrate. NWs were excited using a pulse laser with a wavelength of 
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522 nm through a 100× microscope objective lens at an excitation power of 2 μW. A 
defocus lens was inserted into the beam path to enlarge the beam size to fully cover 
the whole NW. For TRPL, time correlated single photon counting (TCSPC) system 
was used. The excitation power was kept as low as possible. The system limited 
response time was around 50 ps. Luminescence uniformity was examined by CL. The 
CL spectrum was collected at 2 keV using Peltier-cooled Si charge coupled device 
(CCD) array detector in a FEI Verios 460 system. For hybrid spectral mapping 
experiments, NW samples were put on a rotator. During the experiment, NWs were 
rotated to align horizontally to the stage. Thus, the perpendicular direction in the 
spectrum mapping indicates the spatial information while the horizontal direction 
shows wavelength information. For polarization-dependent PL experiments, a rotator 
was put before the Si CCD detector with accuracy of around 1 degree. During the 
experiment, the rotator was controlled by an electric motor and rotated 5 degree for 
each PL spectrum. The system response for polarization dependent PL results was 
calibrated using a GaAs substrate which should result in PL spectrum that is 
polarization independent. 
7.3 Strain induced twins in lattice mismatched core/shell NWs 
7.3.1 Properties of GaAs1-xSbx QW NWs 
Before GaAs1-xSbx QW growth, GaAs core NWs have a non-tapered morphology 
and twin-free ZB structure, as shown in Figure 7.1a. In contrast, the lateral QW and 
barrier growth degrades both NW morphology and crystal structure, as shown in 
Figures 7.1b-g. At the NW top, lateral crystal growth leads to formation of a large and 
irregular head. This morphology has adverse effect for supporting any cavity mode. 
However, its occurrence is unavoidable for Au nucleated NWs. Moreover, the bottom 
of the NWs is slightly tapered due to faster lateral growth. In addition, the sidewalls 
are not smooth (as marked by the red arrows), especially for NWs grown with small 
Au diameter. These features usually suggest the existence of rotational twins, which 
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are confirmed by TEM images in Figure 7.1f-g. The density of twins is larger for 
NWs with smaller Au diameter. For 40 nm Au particle, the density of twin reaches as 
high as around 12 per micron. At larger Au diameter (100 nm), the twin density drops 
largely to around 1~2 per micron. As expected, the PL spectrum shows a clear 
diameter-dependent trend. For Au diameter smaller than 80 nm, only emission from 
the GaAs core can be observed while a strong emission peak around 910 nm is 
observed for Au diameter larger than 100 nm. The weak QW emission for NWs with 
small Au diameter is mostly likely due to the existence of high density of crystal 
defects, which strongly degrades the PL emission efficiency. Therefore, all the 
characterization and discussion during the rest of this chapter are based on the NWs 
grown with 100 nm Au particles.  
 
Figure 7.1: Diameter dependent morphology, structure and PL emission of GaAs1-xSbx 
QW NWs grown at 750 °C. (a) GaAs core only NWs grown with 100 nm Au particles. 
SEM images of GaAs1-xSbx QW NWs with Au particle size of 40 nm (b) 60 nm (c) and 
100 nm (d). (e) Diameter dependent PL results from single QW NWs. Typical TEM 
images of the QW NWs with Au particle size of 40 nm (f) and 100 nm (g). Scale bars 
are 1μm for (a-d) and 500 nm in (g). 
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The observation of twins is unexpected since the GaAs core is a twin-free ZB 
structure. Defect formation due to lattice mismatch between GaAs1-xSbx QW and 
GaAs core is generally thought to be confined in the shell instead of extending toward 
the core. Several factors may cause the twin formation, such as solid phase 
transformation induced by high growth temperature and twin formation during the 
GaAs core growth due to the contamination of residual Sb in the reactor. To clarify 
these possible reasons, a series of growth attempts are designed. For the first run, 
GaAs core only NWs were grown with standard two-temperature (2T) growth 
approach in a clean chamber (Sb-free) [14]. In the second run, GaAs/GaAs1-xSbx 
core/shell NWs were grown at 550 °C for 6 min. In the third run, 2T GaAs NW 
growth was repeated but instead of cooling down after growth, the NWs were 
annealed at 550 °C for 6 min before cooling down. GaAs core NW growth recipe was 
the same for all the three samples. The whole process and the resulted main feature of 
the crystal phase changes are illustrated in Figure 7.2. To increase the confidence in 
the results, at least 10 NWs were examined for each sample.  
GaAs core only NWs show ZB twin-free structure in both samples, regardless of 
the growth sequence and annealing, as shown in Figure 7.2a and 7.2c. The only 
defects are found at the top of NWs, which is formed during the annealing and 
cooling down process. Therefore, these results guarantee the perfect crystal structure 
of the GaAs core during growth of GaAs/GaAs1-xSbx core/shell NWs. In addition, it 
demonstrates that the contamination of Sb or thermally induced phase transformation 
are not the reason for the formation of twins in the QW NWs. Instead, twins are found 
in GaAs/GaAs1-xSbx core/shell NWs, as displayed in Figure 7.2b. The DF TEM image 
proves that these twins exist in both the core and shell. These twins are formed during 
the lattice mismatched GaAs1-xSbx shell growth. In current literature twins are mostly 
ascribed to the imperfect crystal phase of the core NWs. Here, for the first time, it is 
demonstrated that strain imposed by the shell can also cause twin formation in the 
core. 
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Figure 7.2: Demonstration of the twin formation in the core due to the strain imposed 
by the shell. (a) BF TEM image of a 2-T grown GaAs NW. (b) BF and DF TEM 
images of the GaAs/GaAs1-xSbx lattice mismatched core/shell NWs, showing the 
formation of twin defects. (c) BF TEM image of the 2-T grown GaAs NW after 
annealing. All these NWs were grown with 100 nm Au particles. The scale bars are 
200 nm in (a) and 100 nm in (c).  
7.3.2 Lattice mismatched GaAs/InP core/shell NWs 
Twin formation in the core NWs due to strain relaxation is not be limited to a 
particular material system, and in principle should be generally valid, regardless of 
material choice, crystal phase (WZ or ZB) and strain type (compressed or tensile). For 
instance, the above conclusion should also be valid in GaAs/InP core/shell NWs. InP 
shell was grown on the GaAs core using the optimized InP shell growth recipe on the 
GaAs1-xSbx core in chapter 5: the growth temperature is 575 °C, the V/III ratio is 1000 
and growth time varies from 1 to 5 min. The resulting morphology and structure after 
3 min InP shell growth are shown in Figure 7.3a-c. Regular and rotational twins can 
be easily spotted in the SEM images (see Figure 7.3a) and are confirmed by the TEM 
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images (see Figure 7.3b-c). As illustrated in Figure 7.3e, these twins are both in InP 
shell and GaAs core. In the current literature, twin defects are usually considered as 
defects originating from the core which then propagated during shell growth. InP shell 
thickness at the twin position is much thinner than at other places. Indeed, InP only 
grows selectively on the GaAs core and forms islands after 1 min shell growth. A high 
density of crystal defects are found in these islands due to the 3.8% strain. As growth 
time increases, these islands expand and finally form smooth InP shell (see Figure 5.8 
in chapter 5). In addition to these twins, different types of crystal defects are found in 
the GaAs/InP core/shell NWs, such as perfect dislocation, Frank partial dislocation 
pinned in the shell and inclined crystal faults. Figure 7.3d and f show an example of a 
perfect dislocation. Unlike other defects, the crystal structure on both sides of this 
dislocation is perfect ZB phase, as illustrated by the schematic in Figure 7.3f. The 
corresponding Burgers vector is (a/2)[110]. Perfect dislocation is also shown in 
GaAs/InAs core/shell NWs [15], pinning at the core/shell interface. Most of these 
defects in the GaAs/InP core/shell NWs are only partially surrounding the NW. 
Theoretical works have shown that the occurrence of loop dislocation (stacking faults 
in either core or shell) or perfect dislocation are able to relieve strain [16-18]. 
Moreover, defects pinned in the core are easiest to form among these defects [18].  
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Figure 7.3: (a) SEM morphology and (b) typical TEM image of a lattice mismatched 
GaAs/InP core/shell NW grown for 3 min. Red arrows indicate the existence of 
rotational twins. (c) HRTEM image confirms the formation of twins in both core and 
shell. (d) HRTEM image of another sample with 1 min of InP shell growth, showing 
another type of crystal defect caused by the strain: perfect dislocation. Atomic 
illustration of the twin (e) and perfect dislocation (f). Scale bars are 500 nm in (a), 200 
nm in (b), 2 nm in (c-d).  
Indeed, crystal phase changes induced by solid phase transformation have been 
reported [19-21]. Overgrowing WZ GaAs NWs with layer or heating Au-seeded WZ 
InAs NWs could lead to the formation of ZB phase around the NW. Partial 
dislocations form at the interface between WZ and ZB crystal, which glide and push 
the WZ phase to transform to a ZB phase via solid phase transformation [19, 20]. In 
the nearly lattice matched GaP/Si core/shell NW system, the high shell growth 
temperature leads to the crack formation in the Si shell. Furthermore, these cracks, 
depending on the growth temperature, can further transform into other types of 
defects [21]. In GaAs/InP core/shell NWs, the shear stress generates different types of 
defects. These partial dislocations (or perfect dislocations) can glide to form other 
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defects in the core, leading to twin formation. Since only twins (and not other 
defects/dislocations) are found in GaAs/GaAs1-xSbx QW system, it indicates that the 
driving force for their formation is lower than that of other types of defects. It is worth 
mentioning that other processes may lead to solid phase transformation as well, such 
as heating/annealing, though strain is the only reason for twin formation in the above 
two material systems.  
As a consequence, in growing lattice mismatched core/shell and QW NW 
structures, either in WZ or ZB phase, special attention is required to avoid forming 
high density of crystal defects which can strongly degrade their optical performance. 
Taking the GaAs/InP core/shell NWs for example, even though two orders of 
magnitude PL enhancement has been observed by growing several monolayers of InP 
on GaAs core [22], no PL signal could be observed for the above GaAs/InP core/shell 
NWs which have a high defect density. The twin density in GaAs1-xSbx QW NWs is 
quite low thus is thought to have little adverse effect on the optical performance (as 
observed).  
7.4 Optical qualities of GaAs1-xSbx QW NWs 
7.4.1 PL comparison of these GaAs1-xSbx QW NWs grown at different conditions 
The growth conditions of the QW were studied in order to optimize the PL 
emission efficiency. First, growth temperature was varied between 600 to 750 °C. The 
PL emission spectra are compared in Figure 7.4. At lower growth temperature 
(600 °C), the PL emission intensity is quite low. In addition, PL emission from both 
GaAs core (871 nm) and the GaAs1-xSbx QW (~910 nm) could be observed in some 
NWs. QW PL emission intensity increases rapidly with growth temperature while PL 
emission from the core disappears, indicating that all the carriers are confined in the 
QW region at high growth temperature. Quality improvement from either AlGaAs 
barrier or the GaAs1-xSbx QW itself can lead to such a PL emission enhancement. 
However, since AlGaAs barriers and GaAs1-xSbx QW are grown at the same 
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temperature, it is difficult to determine which one plays a bigger role. It has been 
shown that AlGaAs layer quality (less carbon contamination) is better at higher 
growth temperature, with 750 °C the optimum temperature [23, 24]. The GaAs1-xSbx 
QW NWs show strongest PL emission at around 725 °C and decrease again at 750 °C, 
which suggests that the QW quality drops after 725 °C. Therefore, it is likely higher 
growth temperature is beneficial for crystal quality improvement of both AlGaAs and 
QW below 725 °C.  
 
Figure 7.4: PL comparison of the GaAs1-xSbx QW NWs grown at different 
temperatures: (a) PL spectrum (b) Time-resolved PL spectrum.  
There is also a blue shift in the emission spectrum with increasing growth 
temperature. Both the Sb content and the thickness of the QW can affect the emission 
energy. Several periodic emission peaks could be also observed in some PL spectrum, 
for instance the purple curve (700 °C) in Figure 7.4a. This is ascribed to be the ASE 
as a result of the F-P cavity formed in the NW, which will be detailed discussed in the 
section 7.4.3. Carrier lifetime was measured to quantify the optical properties of these 
QW NWs and the results are shown in Figure 7.4b. At lower growth temperature, the 
carrier lifetime is lower than the system limitation, which is ~50 ps. When the 
temperature is above 675 °C, carrier lifetime is 90 ps and quickly increases to 305 ps 
at 725 °C. As stated in chapter 4, native point defects exist during GaAs1-xSbx growth, 
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leading to an unintentional p-type doping [25]. These point defects are known to 
reduce the PL emission intensity and carrier lifetime. Still the obtained GaAs1-xSbx 
QW can have long carrier lifetime at room temperature, demonstrating the excellent 
optical quality of these NWs. 
Even though these QW NWs grown at high temperature show strong PL emission, 
changing the precursor flows may further increase its optical quality or allowing more 
tunability in photon emission wavelength. Lower AsH3 flow and higher TMSb flow 
were investigated and compared with the standard precursor flows. Surprisingly, 
though the PL emission intensity and carrier lifetime are improved but the entire 
spectrum is blue-shifted, as shown in Figure 7.5. These conditions are expected to 
increase the Sb content in the QW, thus the only possible reason for the spectrum blue 
shift would be a thinner QW. On the other hand, increasing the total precursor flow to 
1.5 times of the standard flow can red shift the spectrum to around 930 nm (red curves 
in Figure 7.5). Moreover, PL intensity is strongly improved and the carrier lifetime is 
increased to 422 ps.  
 
Figure 7.5: (a) PL spectra of the GaAs1-xSbx QW NWs grown at various conditions 
with the growth temperature fixed at 750 °C. (b) Time-resolved PL spectrum at the 
peak energy in (a). In comparison to the standard precursor flows, AsH3/TMGa ratio 
is reduced to 5/6 (black curves, absolute value), TMSb/TMGa ratio is increased to 1 
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(purple curves) and total precursor flows are increase to 1.5 times (red curves).  
7.4.2 Crystal structure and composition of the GaAs1-xSbx QW NWs  
To further explain the PL emission trend in Figure 7.4 and 7.5, cross sectional 
TEM analysis of these QW NWs was carried out. Typical high angle annular dark 
field (HAADF) images of the QW structure is shown in Figure 7.6a-b. In HAADF 
image, the contrast is related to the atomic weight, thus different layers in the QW 
structure are easily distinguishable. The inner GaAs core looks brighter and is around 
100 nm in diameter. AlGaAs has lighter atomic weight thus is the darker region. 
GaAs1-xSbx QW is located in the middle of the NW and surrounded by two AlGaAs 
layers. The geometry of the QW structure is illustrated by the schematic of the right 
hand side panel. The whole cross section of the QW NW is a truncated hexagonal 
shape showing three-fold symmetry which is induced by polarity dependent crystal 
growth [26]. The polarity of [112] direction can be uniquely determined according to 
the shape of the outside GaAs capping layer, as marked in Figure 7.6a, since GaAs 
layer grows faster in the [112]A orientation [26]. The QW thickness is measured along 
the [110] direction. It decreases linearly from ~7 nm (at the side of [112]A direction) 
to ~2 nm (at the side of [112]B direction). The average QW thickness is determined to 
be 4.6 nm. This large thickness variation in the QW explains the broad spectrum 
(FWHM is 54 nm, 83 meV) in Figure 7.4. A closer inspection shows the formation of 
small {112}A facets after 3 min growth, indicating the smallest growth rate along the 
[112]A direction. Indeed, in a sample where the QW growth time is increased to 16 
min for EDX measurements, the cross-sectional morphology of GaAs1-xSbx QW 
shows a truncated triangular shape with {112}A as the main facets. All previously 
reported GaAs1-xSbx ternary NWs show {110} sidewalls, even for tapered NWs where 
lateral growth exists. Here, it shows the intentionally lateral growth of GaAs1-xSbx at 
high temperature actually will show {112}A instead of {110} facets after long enough 
crystal growth, further confirming that the {112}A faceted GaAs1-xSbx/InP core/shell 
NWs are induced by the Sb surfactant role.  
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Figure 7.6: (a) HAADF image of a cross sectional GaAs0.89Sb0.11 QW NWs grown at 
725 °C. The right hand side in (a) is the schematic of the structure. Yellow region 
represents GaAs, blue colour indicates GaAs0.11Sb0.89 QW and the grey regions are the 
AlGaAs barriers. (b) Enlarged HAADF image of the QW structure. (c) FFT of 
HRTEM at the QW region, showing the coherent interface. (d) EDX point analysis of 
the GaAs core, Al0.52Ga0.48As barrier and GaAs0.89Sb0.11 QW. Scale bars are 50 nm in 
(a), 20 nm in (b) and 2 nm in (c). 
The QW thickness is found to increase with growth temperature, from ~2.5 nm at 
650 °C to 4.5 nm at 725 °C. However, the PL spectrum in Figure 7.4a does not show 
redshift with increasing growth temperature. Therefore, it is highly suspected that the 
Sb composition is also affected by the growth temperature. Indeed, the precursor flow 
is expected to result in ~40% of Sb in the GaAs1-xSbx NWs grown at 500 °C based on 
results shown in chapter 4. However, the Sb content in the QW drops to 11% at 
725 °C, according to the EDX spectrum in Figure 7.6c. Easier decomposition of the 
GaAs substrate and GaAs1-xSbx QW at higher growth temperature can increase 
available As resources in the vapours, thus leading to lower Sb content in the NW. 
Similarly, the Al content is determined to be 52%. A fast Fourier transform (FFT) of 
HRTEM image at the QW region is presented in Figure 7.6b. Though twins are found 
in these QW structures due to the strain, the interfaces at both sides of QW are still 
coherent and dislocation-free, resulting in high optical qualities of these NWs.   
Chapter 7: Growth studies of GaAs1-xSbx quantum well nanowire tubes and their optical quality 
156 
 
7.4.3 Cathodoluminescence investigation of GaAs1-xSbx QW NWs 
In NW growth, non-uniform PL distribution usually exists in NWs and related 
heterostructures [1, 27, 28], even in taper-free and twin-free GaAs/AlGaAs core/shell 
NWs (unpublished PL and CL results in our group). PL spectroscopy lacks the spatial 
resolution compared with the CL spectroscopy. Thus the luminescence uniformity of 
these QW NWs was examined by CL. The room temperature CL results for 
GaAs1-xSbx QW grown at 725 °C are shown in Figure 7.7. In general, CL emission 
intensity is quite strong, showing a single peak around 903 nm with FWHM of 54 nm 
(83 meV). Emission peak from either GaAs core or the AlGaAs barrier is not 
observed, indicating good confinement of the carriers in the QW. Qualitatively, the CL 
results correspond with the PL results above.  
CL emission intensity is weaker at both NW ends, especially at the NW top, which 
could be due to the weaker CL collection efficiency at the ends of NW. Apart from 
that, emission intensity is quite uniform for the rest of NW. Even though the whole 
QW NW presents a broad single CL peak, closer spectral mapping (see Figure 7.7c-e) 
and CL spectrum (see Figure 7.7f) reveals a slight spectrum shift along the NW. The 
spectrum peaks at higher energy (1.404 eV (~883 nm) at top of the NW and gradually 
redshifted to 1.371 eV (~904 nm) at the middle of the NW and remains fairly constant 
at the bottom of the NW. This spectrum shift could be due to variation of Sb content 
or thickness of the QW along the length of the NW. This spectrum shift is too small 
compared with the large FWHM. As a result, the CL spectrum still shows the shape of 
a single emission peak. When performing CL line scan across the QW NW, an even 
smaller spectrum shift (~5 nm) is observed, as shown in Figure 7.7g, which is very 
likely caused by the thickness change in the QW, as shown by the non-uniform QW 
thickness in Fig. 7.6(a). Despite the small variation of emission intensity and photon 
energy, the NW has a uniform and strong emission, demonstrating its high optical 
performance.  
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Figure 7.7: (a) SEM image of a QW NW dispersed on a Si substrate. (b-e) False 
colour CL spectrum mapping at various wavelength range: (b) 870~930 nm, (c) 
870~890 nm (d) 890~910 nm (e) 910~930 nm. (f) CL spectra taken from the region 
indicated in (a), showing a spectrum shift from bottom to top of the NW. The dotted 
line is a guide to eye. (g) Three CL spectra taken across the NW (left, centre and right 
hand sides of the NW). Scale bar in (a) is 1 μm.  
7.4.4 Effect of a Fabry-Perot cavity 
In Figure 7.4, it is mentioned that ASE peaks are found in some NWs due to the 
Fabry-Perot (F-P) cavity in the NW. The occurrence of ASE relies strongly on the 
sharpness of the NW ends. The large head of the NWs in Figure 7.1 will cause 
leakage of the cavity mode, thus only spontaneous emission can be observed. 
However transferring NWs to sapphire substrate may break the head and base, leaving 
sharp (111) surfaces. Thus ASE could be observed in some of these NWs. In such a 
PL spectrum, there are contributions from both SE and ASE, increasing the difficulty 
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in studying the ASE peaks. The inset in Figure 7.8a shows the CCD image of a QW 
NW where strong ASE is seen at the ends of the NW while SE is generated along the 
NW. The stronger signal in the middle of NW reflects the position of excitation laser 
spot. The CCD image does not contain wavelength information. If wavelength 
information is included and displayed in the horizontal direction, a hybrid spectral 
mapping can be obtained, as shown in Figure 7.8a. According to the spectral map, 
strong periodic peaks are observed at both ends of the NW while SE is uniformly 
distributed along the NW.  
 
Figure 7.8: 1D hyperspectral map of one QW nanowire grown at 725 °C, showing 
strong ASE at the two ends of the nanowire. Inset illustrates position of the nanowire 
(b) Corresponding emission spectra from three different regions of the nanowire as 
indicated in (a). c-d Electric field intensity profile of (c) TE01 mode and (d) HE11b 
mode, supported in the nanowire, calculated by numerical simulations. The outline of 
the heterostructure is shown by the lines with thick dark line indicating the position of 
the QW. The scale bar for the optical image in (a) is 1 μm. 
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The spectral information from the hybrid spectral map are plotted at three 
positions as displayed in Figure 7.8b. In the main body of the NW, PL emission 
mostly consists of SE with a broad emission peak around 840 nm (blue curve in 
Figure 7.8b). At both NW ends, strong periodic emission peaks (ASE) are observed in 
the wavelength range from 810 to 940 nm, which is ascribed to the longitudinal 
modes of the F-P cavity formed in the NW. The peak spacing is between 13 to 15 nm. 
For F-P cavity in a NW, the mode spacing is determined by following equation [29]: 
                            (7.1) 
where λ is the average wavelength between two periodic peaks, L is the NW 
length and the n is refractive index of GaAs0.89Sb0.11. The length of nanowire on the 
sapphire substrate is measured to be 5.3 μm. In the wavelength range of 810-915 nm, 
the group index ng (   ddnn / ) of TE01 mode is calculated to be in the range of 
4.9-5.06. Thus the calculated mode spacing in this wavelength range is between 
12.8-15.7 nm, agreeing well with the measured values.  
Periodic emission peaks are also observed in InGaAs/GaAs QW NWs when the 
temperature is below 240 K [30]. Since the bandgap of GaAs is larger than the 
InGaAs QW emission energy, the GaAs core is transparent to the QW emission 
photons. As a result, there could be a decoupling of the gain and cavity region where 
the QW acts as the gain and the GaAs core provides the cavity, resulting in resonant 
PL emission. To clarify whether this decoupling exists in the GaAs1-xSbx QW NWs, 
numerical methods (Mode Solutions, Lumerical) are used to calculate the guided 
modes supported in the NW. The NW heterostructure is modelled using dimensions 
measured from cross-sectional HAADF-STEM images. The NW has a hexagonal 
cross-section and is lying on a sapphire substrate. GaAs core diameter is set as 100 
nm. The two AlGaAs barrier layer thickness is determined to be 33 and 38 nm, 
respectively. QW thickness variation is ignored during modelling and the average 
value of 4.6 nm is applied. The final GaAs capping layer is 16 nm. Material 
    ddnnL /2/2 
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parameters for GaAs, GaAs0.89Sb0.11 and sapphire are obtained from literature [31] 
and the mode free-space wavelength is 894 nm. The simulated possible modes, 
transverse electric TE01 and hybrid electric HE11b, are shown in Figure 7.7c-d. For 
TE01 mode, the mode intensity is mostly localized in the middle between the core and 
capping layer, which strongly overlaps with the position of the QW layer. In contrast, 
the intensity of HE11b mode is mainly concentrated in the GaAs core. From the 
simulation results, it seems the resonant PL emission should be TE01 mode since the 
mode intensity and QW position matches. However, HE11b mode could be possible as 
well according to the previous report on InGaAs QW NWs [30]. Therefore, the 
modelled mode intensity only is not sufficient to conclusively determine the mode of 
the ASE peaks. 
To further investigate the mode preference, ASE polarization characteristics are 
simulated. We performed finite-difference time-domain (FDTD) simulations using a 
commercially available software package (FDTD Solutions, Lumerical) to obtain the 
far-field profile of different guided modes. In these simulations, guided modes 
supported in the NW are injected along the nanowire axis and a monitor is placed 
above the NW to record the near-field mode profile [32]. The far-field mode profile is 
calculated from the near-field data using numerical methods. The components of the 
electric field parallel and perpendicular to the NW are then calculated from the 
far-field profiles. The mode polarization determined from the simulations is then 
compared with our experiments. The simulated results for several common modes 
observed in NWs are shown in Figure 7.9.  
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Figure 7.9: (a) Polarization-dependent mode intensity. (b) Measured ASE intensity 
variation with polarization angle.  
TM01 mode is polarized parallel to NW and is mostly valid for emission from the 
NW ends, while both TE01 and HE11b modes are polarized perpendicular to the NW. 
The only difference is the degree of linear polarisation, which is defined as:  
                                            (7.2) 
where I//(I⊥) is the PL emission intensity parallel/perpendicular to the NW. Based 
on the simulation results,  and  are -0.29 and -0.95, respectively. TE01 
mode shows stronger polarization dependent PL emission than that of HE11b mode. 
Polarity dependent PL intensity for ASE is determined by integrated peak intensity at 
894 nm (the strongest ASE peak) according to the spectral mapping in Figure 7.8a. 
The obtained results are plotted in Figure 7.9b. The measured ASE intensity shows 
strongest emission when perpendicular to the NW, indicating that the mode is either 
TE01 or HE11b. Since ASE emission caused by core NW emission is usually 
polarized parallel to the NW, thus the ASE emission can be expelled from GaAs core 
NW emission [33]. Experimentally, the degree of linear polarization is determined to 
be -0.48, which is between the theoretically calculated  and . The intensity 
of ASE emission contains contribution from SE. However, unlike ASE, SE is 

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

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II
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polarized parallel to NW, thus showing a positive value of . Therefore, the 
experimentally determined  should be larger than the theoretical value. If it is 
HE11b mode,  must be larger than -0.29, which disagrees with the experimental 
results. As a consequence, the observed ASE in the GaAs1-xSbx QW NW is confirmed 
to be TE mode, which indicates that there is only a weak decoupling of the gain and 
the F-P cavity in our QW NWs. 
Due to the strong overlap between the TE cavity mode and the QW gain region, 
strong ASE can be observed at room temperature. The occurrence of ASE suggests 
good optical quality and high internal quantum efficiency of these QW NWs. 
GaAs1-xSbx QW emission energy cannot be reabsorbed by the GaAs core, thus these 
QW NW tubes show promise in lasing. However, since there is only a single QW the 
gain is not sufficient for lasing. By increasing the laser pumping power, ASE quickly 
saturates and the whole PL spectrum undergoes a large blue shift. Increasing the 
number of QWs, maintaining thickness uniformity in each QW and maximizing the 
overlap between QW and TE mode may allow lasing to occur. However, a large 
amount of work on growth optimization is required to achieve this goal, since the 
growth conditions for a multi-QW structure can be quite different to those of a single 
QW NW. For instance, it has been demonstrated that the GaAs QW growth rate varies 
with NW diameter. 
7.5 Conclusions 
In conclusion, high quality strained GaAs/GaAs0.89Sb0.11 QW NWs have been 
fabricated via MOVPE method. For the first time, it is found the strain due to lattice 
mismatch between the shell and core can cause solid transformation in the GaAs core 
and lead to twin formation across the NW. The strain-induced twins are not limited to 
GaAs/GaAs1-xSbx NW system and should be valid in all strained core/shell NWs. This 
chapter shows that strain-induced twins are also observed in GaAs/InP core/shell 
NWs. Even though NWs are more efficient in strain relaxation than layer structure, 
SE
ASE

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these findings indicate that more attention should be paid in forming strained 
core/shell NWs to avoid the formation of high density of defects. In 
GaAs/GaAs0.89Sb0.11 QW NWs, the interface at both sides of the QW structure is still 
coherent and does contain any dislocations, resulting in the NWs having high optical 
performance. The QW growth rate/thickness increases with growth temperature while 
the Sb content in the QW shows a decreasing trend, leading to unpredictable 
complicated PL spectrum shift with growth temperature. Moreover, there is a 
difference in polarity dependent crystal growth between GaAs and GaAs1-xSbx. 
[112]B is the slowest growth direction for GaAs but the fastest orientation for 
GaAs1-xSbx. With increase of GaAs1-xSbx QW growth time, the side facets change 
from mainly {110} facets to {112}A, which agrees with the results of GaAs1-xSbx/InP 
core/shell NWs in Chapter 5.  
The optical quality of the GaAs1-xSbx QW NWs improves significantly with 
growth temperature until 725 °C where a strong PL emission around 903 nm with 
carrier lifetime of 305 ps is observed at room temperature. Photoemission is quite 
uniform along the NW according to CL mapping, suggesting that the QW 
composition and thickness distribute uniformly in the NW. Hybrid spectral mapping 
shows strong ASE at both ends of NW in the wavelength range of 810~930 nm and 
uniform SE from the NW body. Resonant emission peaks are caused by the 
longitudinal mode of the F-P cavity. Resonant PL emissions are strongly polarized 
perpendicular to the NW. Simulation shows strong overlap between the TE01 mode 
and QW region. Polarization dependent PL and simulation results confirm that the 
periodic peaks are TE01 mode. These high quality GaAs1-xSbx QW NWs are a 
promising candidate for QW NW lasers.  
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Chapter 8: Summary and future outlook 
8.1 Summary 
This thesis explores the role of Sb in Au assisted III-V NW growth. Significant 
research progress has been achieved in III-Sb NWs. The main achievements can be 
divided into two aspects: growth of III-Sb NWs & heterostructures and surfactant role 
of Sb in affecting NW growth. In this thesis, high quality GaAs, GaSb and GaAs1-xSbx 
NWs, GaAs1-xSbx/InP core/shell NWs and GaAs1-xSbx QW NWs are grown. The 
surfactant role of Sb causes growth difficulties during III-Sb NW growth, selective 
InP shell growth on GaAs1-xSbx NW sidewalls and help GaAs NW grow along the 
[111]A polar direction.  
Chapter 4 details the growth understanding and optimization of ternary 
GaAs1-xSbx NWs together with its optoelectronic application as NW photodetectors. 
Before the exploration of GaAs1-xSbx NWs, growth of GaSb NWs is first investigated 
and optimized. The growth window and V/III ratio for GaSb NWs are quite small, 
requiring growth temperature between 500~525 °C and V/III ratio around 1.1. The 
GaSb NWs have a non-tapered morphology with twin-free ZB structure and need to 
be grown on stems. Among the stems used (GaP, WZ GaAs and ZB GaAs), GaSb 
NWs grow best on the GaP stems, which demonstrates that lattice mismatch play only 
a minor role in the growth of axial NW heterostructure whereas the surface energy 
balance at the interface is more critical. Based on the knowledge gained from the 
binary GaSb NW growth, GaAs1-xSbx NWs are grown and optimized. GaAs1-xSbx 
NWs should be grown at a small V/III ratio, especially low Sb flow. High Sb flow 
could reduce the surface energy of the Au particle, thus leading to the growth failure 
of NWs. On the other hand, high Sb flow is beneficial for reducing NW tapering and 
density of twins. Sb content can be tuned in a large range from 0.09 to 0.63 by 
changing the AsH3 flow. Twin-free ZB GaAs1-xSbx NWs are obtained with a slightly 
tapered morphology. Using these high quality NWs, near infrared NW photodetectors 
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are fabricated with good photoresponse from 1 to 1.6 μm at room temperature.  
Similar to GaAs NWs, GaAs1-xSbx NWs show large surface recombination 
velocity, thus showing poor PL emission efficiency. After optimization of InP shell 
growth, smooth GaAs1-xSbx/InP core/shell NWs with coherent interface are 
successfully obtained. Compared with poor optical quality of core only NWs, strong 
PL emission is observed between 1.3 and 1.5 μm at room temperature for single 
core/shell NW. Quantitatively, the PL emission intensity has been improved over 100 
times. Based on power-dependent PL experimental results, the band alignment of 
GaAs0.71Sb0.29/InP heterostructure is determined to be type I and the extracted IQE 
reaches as high as 0.56. Photoexcited carrier dynamics are studied by Rayleigh 
scattering experiments. The carrier lifetime is increased from smaller than 25 ps for 
the core only NWs to around 800 ps for the core/shell NWs, which again 
demonstrates the efficient passivating effect of the InP shell. InP shell grows 
selectively on the GaAs1-xSbx sidewalls, growing only along the <112>B and <110> 
directions. The growth rate along the <112>A polar direction is drastically suppressed, 
leading to an unexpected triangular shaped core/shell NWs with {112}A side facets 
and partial coverage of the core NW. The Sb surfactant role is most likely the reason, 
which strongly reduce the surface energy/driving force and alter the interface energy 
balance. 
The difficulties in growing GaAs1-xSbx NWs and the understanding of Sb 
surfactant role lead to the idea of tuning III-V NWs growth via a surfactant treatment 
process. A successful example is demonstrated by growing GaAs and GaAs1-xSbx 
NWs in the [111]A polar direction via surface engineering. The larger surface energy 
of the (111)A polar facet leads to smaller Au wetting angle and causes GaAs NWs to 
kink to the [111]B direction on the GaAs (111)A substrate. Without changing the 
growth conditions, increasing the Au wetting angle on the GaAs (111)A substrate by 
preloading the Au seed with either Sb or Ga flow is able to allow nearly 100% growth 
of (111)A polar GaAs NWs. The ability to grow (111)A and (111)B polar GaAs NWs 
in the same run provides an ideal platform to further understand the fundamental 
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growth mechanism of NWs, as growth conditions could be ruled out for any of the 
observed differences. Due to the large Au-GaAs (111)A interface energy, Au seed 
tends to move and wet the inclined (111)B surface in order to reduce its total surface 
energy, resulting in the nucleation of inclined faults and NW kinking to the [111]B 
direction. Making use of this understanding, V-shaped GaAs NWs with both (111)A 
and (111)B polarities are successfully synthesized, and more importantly, presenting a 
nearly taper-free morphology and twin-free ZB structure for the whole kinked NW. 
Comparing the crystal structure difference between the (111)A and (111)B polar GaAs 
NWs, the twin-free ZB structure of the (111)A polar NWs is explained as a result of 
centre nucleation thanks to the large Au wetting angle, which prohibits the possibility 
of forming crystal defects. Moreover, the results indicate that it is not the 
supersaturation but the shape of the Au particle that determines the nucleation and 
thus the NW crystal structure. Moreover, it is demonstrated that ternary GaAs1-xSbx 
NWs can also grow well along the [111]A polar direction provided that a SiOx mask is 
applied to overcome the NW nucleation challenges on the (111)A substrate. Unlike 
the critical growth conditions required for growing GaAs1-xSbx NWs on (111)B 
substrates, GaAs1-xSbx NWs grow vertically and uniformly on the (111)A substrate in 
a large growth window, showing the possibility of expanding NW growth window by 
using polarity as another growth parameter.  
In chapter 7, GaAs1-xSbx QW NWs are grown on twin-free and tapered-free GaAs 
NWs. Previously, it is generally accepted that the twins in these core/shell NWs are 
adopted from the twins in the core. Here, for the first time, it is shown that the lattice 
mismatched GaAs1-xSbx QW growth can result in solid transformation of the GaAs 
core, resulting in twin defect formation in these NWs. In addition, these strained 
induced twins are not limited to GaAs/As1-xSbx NW system but should be generally 
valid for other lattice mismatched materials. This is shown in the case of GaAs/InP 
core/shell NWs. As a consequence, during the formation of lattice mismatched 
core/shell NWs and QW NWs, special attention should be paid to avoid generating a 
high density of crystal defects and thus degrading the properties of these NWs. In 
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GaAs1-xSbx QW NWs, strain-induced twin density is around 1~2 per micron and this 
does not strongly affect their optical properties. However, photoemission efficiency of 
these NWs depends on the growth temperature with the optimized temperature of 
725 °C. After optimization, these QW NWs show single QW emission peak at around 
910 nm, a narrow FWHM of 83 meV and long carrier lifetime (305 ps) at room 
temperature. The photoemission is quite uniform along the length of the NWs, both in 
emission wavelength and emission intensity, indicating the uniform distribution of the 
QW composition and thickness along the NW. Indeed, strong resonant emission is 
observed at room temperature due to the F-P cavity mode, which again demonstrates 
the good optical quality of these QW NWs. Using hybrid-spectral mapping and 
polarization-dependent PL spectral mapping, the resonant emission is determined to 
be TE01 mode by experiments and theoretical simulations. Even though the gain is 
not sufficient for lasing for single QW structure, these GaAs1-xSbx QW NWs are still a 
possibility for lasing by forming a multi-QW structure.  
8.2 Outlook 
In this thesis, growth of GaAs1-xSbx ternary NWs, core/shell and NW QW 
structures are studied. Still there are several aspects deserving further studies about 
GaAs1-xSbx ternary NWs. First, it has been proven that GaAs1-xSbx NWs are 
unintentionally p-type doped. However, intentionally doping and carrier transport 
studies have not been carried out yet. These studies are quite important for 
understanding the hole transport behaviour in GaAs1-xSbx NWs and its impact on hole 
transistor. Secondly, the GaAs1-xSbx/InP heterostructure can form type II band 
alignment. However, this band structure has not been experimentally proven in our 
GaAs0.56Sb0.44/InP core/shell NWs. Further work is needed to study the carrier 
dynamics and confirm the type II alignment. After that, these core/shell NWs can be 
used to fabricate type II band alignment solar cells and photodetectors. Finally, even 
though single GaAs1-xSbx shows great potential for lasing, multi-quantum well 
structure is required to increase the gain, which definitely needs more growth 
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optimization and modelling to bring GaAs1-xSbx QW lasing into reality.  
In terms of GaSb NWs, even though progress has been made to achieve high 
quality, tapered-free and long GaSb NWs, it is just an opening for further research of 
GaSb NWs. The optical quality, intrinsic doping, hole mobility and other electrical 
properties have not been carefully investigated. In addition, GaSb NW would be a 
good candidate for near infrared photodetection. Thus NW device fabrication process 
should be studied. As stated in chapter 1, GaSb/InAs would be an extremely 
interesting heterostructure for physics studies. Controlling the InAs shell on the 
obtained GaSb core is definitely an interesting research field. Moreover growing a 
passivation shell around the GaSb core to improve its optical quality would be useful 
for many device applications.  
In chapter 6, (111)A polar NW growth is discussed in GaAs and GaAs1-xSbx NWs. 
These studies just open a window for growing III-V NWs with (111)A polarity. 
Polarity could be another parameter used for controlling the crystal phase in III-V 
NWs. For instance, it is suspected GaSb NWs can be grown in the [111]A polar 
direction. The impurity incorporation and optical property difference between (111)A 
and (111)B polar NWs have not been studied yet. In addition, surface energy 
engineering by Sb surfactant treatment can be applied to control other III-V NW 
growth. All these fields deserves further studies to reveal the growth fundamental of 
NWs and allow more controllability during NW growth.  
In this thesis, all the NWs and NW heterostructure are grown using Au seeds on 
III-V substrates. Research trend is to grow III-V NWs on cheaper and more dominant 
substrates such as Si. Growing III-Sb NWs on Si has not been fully studied yet, 
posing both great opportunities and challenges for researchers. For NW applications, 
most NW devices requires SiOx mask, thus selective area growth III-Sb NWs is 
needed. GaAs1-xSbx NW array has been shown in chapter 6 and the results have shown 
that the growth conditions for array growth are quite different to Au-nucleated NW 
growth. Thus great efforts are definitely needed to optimize the selective area growth 
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of III-Sb NWs. The ultimate aim is to grow high crystal quality, taper-free and 
uniform III-Sb NW arrays on Si substrates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
